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INTRODUCTION ,
Breast cancer is the most common cancer in women worldwide and continues to be a

major health problem. It accounts for one-third of cancer diagnoses and 15% of cancer deaths
in U.S. This argues strongly for the development of effective strategies to accomplish
treatment of breast cancer. Cancer gene therapy has been evaluated as a candidate therapy
for a variety of carcinomas to eradicate loco-regional and disseminated disease, which is not
adequately addressed by conventional treatments. Viral agents could represent a powerful
anticancer treatment platform if they can be designed to infect tumor cells with a requisite level
of efficiency and specificity. In this regard, replication-competent adenovirus (Ad) vectors have
been of high interest, owing to their ability to propagate in epithelial cells, the origin of most
human cancers. However, realization of the full potential of Ad vectors for targeted cancer
treatment is currently limited by broad viral tropism which results in widespread tissue
distribution of systemically administered Ad with preferential accumulation in the liver (1).

Several studies, including our own work, have established the feasibility of tropism
modification of Ad vectors for cell-specific gene delivery (2-6). The distinct aim of the current
study was to evaluate the potential for such targeting approaches to maintain specificity in the
stringent context of systemic vascular administration. Such a demonstration would be a key
milestone for the development of targeted Ad vectors for gene therapy and have important
implications for treatment of carcinoma of the breast. ~

BODY

Task1. To design biépecific soluble sCAR-ligand fusion proteins possessing the
capacity to achieve high efficacy binding both to Ad fiber protein and surface receptor
on breast cancer cells. f

Rationale. It was shown that soluble extracellular domain of CAR bound to representatives of
all Ad subgroups except subgroup B (7). Both structural analysis of fiber knob-CAR complexes
and knob domain mutagenesis showed that there are three CAR-binding sites on the fiber
knob domain (8, 9). Further kinetic analysis of Ad2 fiber knob binding to the CAR D1 domain
revealed that an avidity mechanism corresponds to trimeric receptor-ligand interaction (10). To
take an advantage of trivalent nature of CAR-knob binding for Ad targeting, we proposed to
derive recombinant protein consisting of soluble CAR in fusion with trimerization sequence and
a targeting ligand. Our goal was to generate a trimeric sCAR-ligand molecules that could
provide high affinity linkage between Ad vector and cellular target receptor. Predicted CAR-
knob binding ratio may increase linkage efficiency of trimeric sCAR-ligand fusion proteins with
virus particles and thereby contribute to the ligand-mediated binding of such viral complexes to
target receptors. In order to achieve trimerization of sCAR-fusion molecules, we choose to
employ polypeptide derived from bacteriophage T4 fibritin protein forming highly stable
homotrimers. As targeting ligands we proposed to use an oy-integrin-binding RGD-4C peptide
(CDCRGDCFC) and NGR peptide motif (CNGRCVSGCAGRC) initially isolated by phage
biopanning (11). Phage displaying an RGD-containing peptide when injected intravenously into
tumor-bearing mice was detected in melanoma and breast carcinoma tumor blood vessels, but
not in normal tissues (12). NGR peptide coupled with doxorubicin was shown to have more
potent effects against metastatic human breast cancer xenografts than the free drug (13). TNF
fused with CNGRC peptide also was shown to induce stronger antitumor effects in animal
models than TNF alone (14). To produce CAR-ligand fusion proteins a baculovirus expression
system that has already proved its utility for the expression of functional soluble CAR (7) and
sCAR-EGF chimera (6) was used.




a. Engineer an universal derivative of plasmid shuttle vector containing under the
control of polyhedrin promoter DNA sequences coding for: soluble CAR protein-six,
His tag, flexible linker and a multiple cloning site (MCS) for cloning DNA sequences of
targeting ligands.

The donor plasmid for the generation of recombinant baculoviruses expressing sCAR-ligand
fusion proteins was made as follows. To generate a recombinant gene encoding the
extracellular domain of human CAR followed by polypeptide sequence derived from
bacteriophage T4 fibritin protein (15), PCR was used. Sense primer 5' GTT GAA AGA TCT
GGA TTA ACC AAT AAA ATA AAA GCT ATC GAA ACT GAT ATT GCA TCA G
complementary to the position 1240 of the fibritin gene was designed to introduce Bglll
restriction site into amplified DNA sequence, and antisense primer 5' TTG CGG CCC CAG
CGG CCG CTG GTG ATA AAA AGG TAG complementary to the position 16 of untranslated
3'-region was designed both to introduce Nofl and substitute stop codon for alanine (GCC)
codon. The PCR-derived 238-bp DNA fragment was digested with Bglll and Notl, and 214-bp
DNA fragment encoding 71 carboxy-terminal amino acids (aa) of fibritin M polypeptide (15)
was purified. To construct the recombinant gene coding for extracellular CAR, six histidines,
and short flexible linker fused with fibritin coding sequence Bglll-Notil-fragment was ligated with
plasmid pFBshCAR-EGF (6) digested with BamHl and Noft substituting EGF for fibritin.
Resultant plasmid designated pFBsCARf was cleaved with Nofl and ligated with
oligonucleotide duplex 5 GGC CCA ACC GCA GCC AAA ACC TCA ACC CCA GCC ACA
ACC TCA GCC CAA ACC TCA GCC TAA ACC GGT TTA AAC GGC C coding for proline-rich
hinge region derived from camel immunoglobulins and containing Agel site followed by stop
codon. Plasmid clone containing hinge DNA fragment in correct orientation was selected by
sequencing and designated pFBsCARfCh. The constructed plasmid was then used as a vector
to generate the recombinant baculovirus to produce sCARf control protein. Oligonucleotides 5’
CCG GGA GCT CTG CGC TAG CT and 5 CCG GAG CTA GCG CAG AGC TC designed to
contain Nhel site and Agel compatible cohesive 5-ends were annealed to form DNA duplex
and ligated with Agel-digested pFBsCARfCh. Plasmid clones were sequenced, and the
plasmid containing the duplex in the correct orientation was designated pFBsCARfMCS. The
resultant plasmid contains recombinant gene coding for sSCAR, six-His tag, flexible linker,
fibritin polypeptide, proline-rich hinge, and multiple cloning site (MCS) to facilitate downstream
incorporation of ligand sequences (Fig. 1).

Acc 651(5162)
Sph 1(5160)
Xho 1(5150)

Pst 1(5147)
Xba 1(5135) \\{

Pme 1(5117)
Nhe 1(5104)
Sac 1(5099)

% T4 Fibritin
B\ Flexible Linker

pFBSCARFMCS
5805 bp

Cla 1(4036)

Fig. 1. Circular map of the plasmid vector pFBsCARfMCS. Plasmid contains recombinant gene
encoding human CAR ectodomain (hCAR), flexible linker, trimerization domain from phage T4 fibritin
protein (T4 fibritin), proline-rich hinge region from camel immunoglobulins, and multiple cloning site for
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incorporation of ligand sequences (MCS) under control of baculovirus polyhedrin promoter (Polh
promoter).

b.- c. Design oligonucleotides coding for short peptide ligands RGD-4C (CDCRGDCFC)
and NGR (CNGRCVSGCAGRC). Construct a plasmid vectors coding for the sCAR-
RGD-4C and sCAR-NGR fusion proteins and create recombinant baculoviruses
that express corresponding proteins in infected insect cells.

The plasmids coding for the sCAR fused with either RGD-4C or NGR peptide motifs were
made as follows. To incorporate the RGD-4C peptide into the carboxy terminus of sCARf
fusion protein, oligonucleotides 5 TGC GAC TGT CGC GGG GAT TGC TTT TGT GG 3’ and
5 CTA GCC ACA AAA GCA ATC CCC GCG ACA GTC GCA AGC T 3’ were designed to form
DNA duplex coding for ACDCRGDCFCG followed by in-frame stop codon. To incorporate the
NGR peptide, oligonucleotides 5 TGC AAC GGA AGG TGT GTAAGC GGG TGC GCG GGC
AGA TGC GG 3’ and 5 CTA GCC GCA TCT GCC CGC GCA CCC GCT TAC ACA CCT TCC
GTT GCA AGC T 3’ were designed to form DNA duplex coding for ACNGRCVSGCAGRCG
and stop codon. In addition, both generated DNA duplexes contained Sacl- and Nhel-
compatible cohesive ends designed to fuse the sCAR-fibritin ORF with peptide coding
sequences. The oligonucleotide duplexes were cloned into Sacl and Nhel-digested
pFBsCARfMCS, DNA clones were sequenced in the region of insert and the plasmids
containing RGD-4C and NGR coding sequences in the correct orientation were designated
pFBsCARf-RGD4C and pFBsCARf-NGR respectively. The constructed plasmids encoding
sCAR-fibritin protein fused with peptide ligands were then used as vectors to generate the
recombinant baculovirus genomes using the Bac-to-Bac baculovirus system (Life
Technologies, Grand Island, N.Y.). To produce sCARf-RGD4C and sCARf-NGR fusion
proteins, generated recombinant baculoviruses were used to infect insect cells.

d. Use recombinant baculoviruses to infect Hi5 insect cells in order to express and
purify sCAR-ligand proteins in a preparative amounts.

i. Expression and purification of sCAR-fusion proteins. The fusion proteins sCARf, sCARf-
RGD4C and sCARf-NGR were expressed in High Five cells (Invitrogen, Carlsbad, Calif.)
infected with recombinant baculoviruses as described previously (6). Baculovirus infections
resulted in high expression levels of secreted soluble sCARf, sSCARf-RGD4C and sCARf-NGR
fusion proteins. Secreted Hiss-tagged proteins were purified from dialyzed culture medium by
immobilized metal ion affinity chromatography (IMAC) on Ni-nitrilotriacetic acid (NTA)-
Sepharose (Qiagen, Valencia, Calif) as recommended by the manufacturer. Protein
concentrations were determined by the BCA-200 protein assay kit (Pierce, Rockford, IL) with
bovine gamma globulin as the standard. Purified sCARf, sSCARf-RGD4C and sCARf-NGR
proteins were then analyzed for trimerization and presence of encoded polypeptide
sequences.

ii. Structure of recombinant sCAR-fusion proteins. To characterize structure and composition
of recombinant proteins gel electrophoresis and Western blot were used. To determine
whether generated sCAR-fusion proteins could form trimers, these proteins were analyzed by
SDS-PAGE. Electrophoretic separation of boiled protein samples showed the presence of
major bands migrating as was expected for monomeric forms of sCARf, sCARf-RGD4C, and
sCARf-NGR proteins with molecular masses of 36.0, 36.7 and 37.0 kDa respectively (Fig. 2).
Electrophoretic mobility of unboiled protein samples was decreased and close to those
predicted for trimeric forms of sCARf, sCARf-RGD4C, and sCARf-NGR proteins. This result
demonstrated that fibritin polypeptide incorporated in the context of recombinant molecule is
capable of providing an efficient trimerization of sCAR-fusion proteins.

6




sCARf- sCARf
sCARf RGD4C NGR = sCAR-H,

123 4 5 67 8 910 11ypg

. -250
b | 150

! -100
w75

- o S =50

|25

SEL

Fig. 2. Trimerization analysis of sCAR-fusion proteins by polyacrylamide gel electrophoresis.
Samples of purified sCARf (lanes 2, 3), SCARf-RGDA4C (lanes 4, 5), sCARf-NGR (lanes 6, 7),
sCAR-H; (lanes 9, 10), and molecular mass markers (lanes 1, 8, 11) were separated on 4-15%
gradient SDS gel. The samples in lanes 3, 5, 7, and 10 were boiled in Laemmli loading buffer to
denature proteins to monomers, while lanes 2, 4, 6, and 9 contain unboiled proteins in their
native conformation. Protein bands were visualized by GELCODE blue stain reagent (Pierce,
Rockford, IL). The numbers on the right indicate molecular masses of marker proteins in -
kilodaltons (kDa).

Western blot analysis of protein composition using monoclonal antibodies to sCAR protein
revealed the presence of CAR ectodomain in the context of each sCAR-fusion protein (Fig. 3).

sCARf- sCARf
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Fig. 3. Western blot analysis of sCAR-fusion proteins. Samples of purified sCAR-Hs (lanes 1, 2),
sCARf (lanes 3, 4), sCARf-RGD4C (lanes 5, 6), sCARf-NGR (lanes 7, 8) were boiled in Laemmli
loading buffer and separated on 4-15% gradient SDS gel. Electrophoretically resolved proteins
were transferred to PVDF membrane probed with MAb to soluble CAR ectodomain and then
detected with goat anti-mouse antibody-Alkaline Phosphatase conjugate (Sigma). The numbers
on the right indicate molecular masses of marker proteins (laine 9) in kilodaltons (kDa).

These results suggest that derived proteins are able to maintain both designed composition
and stable trimeric structure. Thus, we obtained preparative amounts of purified sCARf,
sCARf-RGD4C and sCARf-NGR trimeric fusion protein for subsequent experiments.

iii. Analysis of sCAR-fusion proteins binding to Ad5 fiber knob. We first chose to characterize
trimeric sCARf protein with respect to its ability to bind Ad fiber knob domain compare to
sCAR-Hiss monomer generated previously (6). To compare fiber knob binding efficiencies of
sCARf and sCAR-Hiss we used an ELISA. This assay showed that trimeric sCARf protein
efficiently bound to immobilized Ad5 fiber knob (Fig. 4).
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Fig. 4. ELISA analysis of sCAR-fusion proteins binding to Ad5 fiber knob. Purified trimeric
sCARf and monomeric sCAR-Hisg; proteins were incubated at various concentrations with
recombinant Ad5 fiber protein immobilized on an ELISA plate. Bound sCAR-fusion proteins
were probed with MAb against soluble CAR ectodomain and then detected with goat anti-mouse
antibody-Alkaline Phosphatase conjugate (Sigma). Each point represents the cumulative mean
+ SD of triplicate determinations. Some error bars depicting standard deviations are smaller

than the symbols.

Compare to the monomeric sCAR-Hisg control protein, the affinity of sSCARf-knob binding was
greatly increased in a wide range of used concentrations. Based on the obtained result,
whereby generated sCARf protein is able of high affinity binding to fiber knob domain, we
hypothesized that trimeric sSCAR-fusion proteins may be of utility to block CAR-mediated virus-
cell attachment and Ad infection.

iv. Analysis of sCAR-fusion proteins ability to block Ad infection. In order to evaluate whether
improved knob binding results in increased ability of trimeric sCAR-fusion proteins to block Ad
infection, we performed an infection inhibition assay. Recombinant AdCMVLuc vector
expressing luciferase gene was preincubated with one of the sCAR-Hiss, SCARf-RGDA4C, or
sCARf-NGR at increasing concentrations or PBS and used to infect 293 cells known to
express high level of CAR (Fig. 6). The ability of sCAR fusion proteins to block viral infection
was assessed by sCAR protein dose dependent impairment of Ad-mediated gene transfer as
measured by luciferase activity of infected cells (Fig. 5). It was shown that, compare to
monomeric sSCAR-Hisg protein, both sCARf-RGD4C and sCARf-NGR displayed an increased
ability to inhibit CAR-mediated Ad infection. The concentrations of sSCARf-RGD-4C, sCARf-
NGR and sCAR-Hisg needed to compete Ad infection by 50% were 3, 6, and 54 nM
respectively. This experiment demonstrated that trimeric sCAR-fusion proteins possessed
superior ability to inhibit Ad infection in comparison with sCAR-Hiss monomer. This finding
validated the utility of produced sCAR-RGD4C and sCARf-NGR trimeric fusion proteins in
order to block Ad native tropism and, therefore, provided a rationale for further Ad targeting

studies.
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Fig. 5. Inhibition of Ad-mediated gene transfer. AdCMVIuc vector was mixed with either PBS or
varying amounts of sSCAR-Hisg, sSCARf or sCAR-RGDA4C fusion proteins and incubated for 15 min
at room temperature. Viral mixtures were diluted to 1 mi with infection medium and 200-pl
aliquots were added to monolayers of 293 cells grown in a 24-well plate (5x10° cells/well) at MOI
of 100 v.p./cell. After 45-min incubation at room temperature to allow virus internalization
infection medium was aspirated, the cells were washed with PBS, and a growth medium was
added. The cells were incubated at 37°C to allow expression of the reporter genes. Twenty four
hours postinfection the cells were lysed and luciferase activity was analyzed by using the
Promega (Madison, Wis.) luciferase assay system and a Berthold (Gaithersburg, Md.)
luminometer. Luciferase activities detected in cells infected in the presence of sCAR-fusion
proteins are shown as percentages of luciferase activity registered in control cells infected with
AdCMVLuc mixed with PBS. Each point represents the cumulative mean + SD of triplicate
determinations. Some error bars depicting standard deviations are smaller than the symbols.

Task 2. Evaluate the ability and efficacy of sCAR-ligand fusion proteins for targeted
gene delivery to breast carcinoma cells in vitro.

a. Evaluation of ability of sCAR-ligand fusion proteins to bind to the receptors
overexpressed on breast cancer cells using binding assays.

The expression levels of CAR and ay-integrins, a putative receptor for the RGD-4C moatif,
were determined for a number of established breast adenocarcinomas and described in
previous report. Here we demonstrated expression of APN, which was shown to serve as
receptor for the NGR motif (16)for a set of cell lines established from breast cancer and
endothelial HUVEC cells. The screening of ten breast cancer cell lines revealed a significant
level of APN only on MDA-MB-468 cells. Fig. 6 shows representative results of indirect
immunofluorescence assay for APN expression in MDA-MB-468, MCF-7, MDA-MB-435S, and
HUVEC cells.

The use of sSCARfRGD and sCARfNGR adapter proteins may augment infection efficiency
by facilitating virus binding to cellular integrins and APN, respectively, in breast cancer cells
normally refractory to Ad due to lack of CAR To test this hypothesis we studied the ability of
sCARfRGD and sCARfNGR to mediate binding of *H-radiolabeled Ad to MB-468, MCF-7, MB-
435S breast cancer cells and endothelial HUVEC cells. To determine the improvements in
virus cell-binding *H-Ad was complexed with dilutions of SCARfRGD, sCARfNGR, or sCARf
protein as a control and allowed to bind cells at 4°C to prevent virus internalization. Detected
cell-bound radioactivities were dependent on sCAR-ligand protein dose and were significantly
higher for *H-Ad complexed with SCARFRGD compered to *H-Ad alone.




100
100

MB-468 BT-474 g AU-565

— yintegrins

Fig. 6. Expression of APN, CAR, and oy-integrins in breast cancer cell lines. The cell lines MDA-
MB-468, BT-474, AU-565, MCF-7, SK-BR-3, and endothelial cell line HUVEC were analyzed for
expression of APN, CAR, and o-integrins by indirect immunofluorescence assay using anti-
CD13 WM15, anti-CAR RmcB, and anti-o-integrins MAB1953 monoclonal antibodies,
respectively. Positive staining for APN (blue line), CAR (gray line), and o,-integrins (black line) is
seen relative to an isotype control IgG (spike filled in black). Representative data from two
independent experiments are shown.

As shown in Fig. 7, Ad complexed with sCARfRGD resulted in 2-, 9-, 60-, and 2-fold increase
of °H-Ad binding to MB-468, MCF-7, MB-435S, and HUVEC, respectively.
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Fig. 7. Comparison of *H-labeled Ad binding to MDA-MB-468, MCF-7, MDA-MB-435S, and
HUVEC cells. *H-labeled Ad was preincubated for 30 min at room temperature with different
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amounts of SCARfRGD, sCARfNGR or sCAR( as control. *H-Ad/sCAR-ligand mixtures (10° cpm
per sample) were then added to cells aliquots (10°) and allowed to bind for 1 h at 4°C. Bound
radioactivity was determined after pelleting the cells by centrifugation. Binding indices were
calculated from the ratio of the mean bound radioactivity of *H-Ad preincubated in presence of
sCAR-ligand versus °H-Ad preincubated in absence of sCAR-ligand protein. Each point
represents the cumulative mean +SD of triplicate determinations. Some error bars depicting

SDs are smaller than the symbols.

In contrast, virus complexed with either sSCARfNGR or sCARf control protein inhibited virus cell
binding compared to Ad alone. These data clearly demonstrate that, in contrast to SCARfNGR,
the sCARFfRGD adapter protein is capable of enhancing virus binding to cellular integrins and
confirm that formation of the Ad/sCARfRGD complexes provide improved of Ad binding to
breast cancer cells.

To further refine and extend this approach for particular breast cancer cell types we have
engineered the sCARfC6.5 adapter containing the C6.5 scFv with binding specificity for c-
erbB-2 oncoprotein (5). To validate sCARfC6.5 protein binding to cellular c-erbB-2 we
employed an indirect immunofluorescence assay. The sCARfC6.5 protein was allowed to bind
AU-565 breast cancer cells overexpressing c-erbB-2 and then was detected by incubation with
a primary anti-CAR RmcB antibody followed by a secondary antimouse fluorochrome-
conjugated antibody. The MDA-MB-468 breast

= MB-468 & AU-565
c-erbB-2 - c-erbB-2 +
b= Bl A
o w o' o ww o o o oo
FITC FITC
B =-CAR RmcB = sCARf —— sCARfCES

Fig. 8. Confirmation of SCARfC6.5 protein binding to cellular c-erbB-2. Trimeric sCARfC6.5 and
sCAR( fusion proteins were incubated with either c-erbB-2-positive AU-565 or c-erbB-2-nagative
MB-468 cells. The sCAR fusion proteins bound to cells were probed with anti-CAR RmcB MADb
and then detected with secondary Alexa 488-labeled goat antimouse antibodies. Binding of
sCARfCB.5 protein (black line) to c-erbB-2-positive AU-565 cells is seen because of the positive
staining relative to sCARf control protein (gray line) or anti-CAR MAb alone (spike filled in
black). Representative data from two independent experiments are shown.

cancer cells, shown to be c-erbB-2-negative, were used as a control. As shown in Fig. 8,
incubation of AU-565 cells, naturally low in CAR (Fig. 6), with sSCARfC6.5 protein increased cell
binding of anti-CAR MAD. In contrast, neither the incubation of AU-565 cells with sCARf control
protein nor the incubation of sCARfC6.5 with MDA-MB-468 c-erbB-2-negative cells revealed
any increase of anti-CAR antibody binding compared with control. Thus, we demonstrated the
C6.5 scFv that was incorporated in the context of the fusion protein retained its functional
ability to recognize cellular c-erbB-2 oncoprotein, which enabled sCARfC6.5 protein binding to

c-erbB-2-positive cells.

11




b. Confirmation of specificity of ligand-receptor binding by blocking with free ligand or
specific anti-EGFR monoclonal antibodies in competition-binding assay.

We previously showed that Ad complexed with an sSCAR-EGF adapter protein overcomes
the barrier of inefficient gene transfer to specific cancer cell types (6). As illustrated in Fig. 9,
augmentation of radiolabeled Ad binding to EGFR-positive A-431 cells mediated by sCAR-
EGF adapter could be competitively blocked by preincubation of the cells with either human
EGF or anti-EGFR MADb, confirming specificity of SCAR-EGF binding to EGFR. In this study we
have demonstrated that highest level of Ad binding to MB-468 and MCF-7 cells was achieved
at 0.8 pmol of sCARfRGD protein per 1.5x10® vp while 3.3 pmol was required to reach
maximum for MB-435S and HUVEC cells (Fig. 7). It is noteworthy that increases in the
sCARfRGD/Nirus ratio proved inhibitory to binding, likely due to excess of free sSCARfRGD
protein and its competition for integrin binding. ,

60
< W AdC Vi
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Fig. 9. Specific inhibition of SCAR-EGF-mediated Ad binding. *H-labeled Ad was preincubated
for 30 min at room temperature with 0.4 mg of sCAR-EGF. Human epidermoid carcinoma A-431
cells, overexpressing EGFR, were preincubated for 30 min at 4°C in the presence or absence of
either human EGF or anti-EGFR antibody at different concentrations (0.52 to 13.2 mg/ml). °H-
Ad/sCAR-EGF samples (10° cpm) were then added and allowed to bind for 1 h at 4°C. Cells
were washed by centrifugation, and radioactivities of cell pellets were determined in a beta
counter. Data are presented as the percentage of input *H-Ad bound after washing and
calculated as the cumulative mean +SD of triplicate determinations.

c. Demonstration of capacity of sCAR-ligand fusions to target Ad to receptors on
breast cancer cells using gene transfer assay. Determination of optimal sCAR-
ligand/Ad molar ratio that gives maximal gene transfer.

Having established that the sCARfRGD adapter demonstrates significant ability to increase
Ad binding to CAR-deficient breast cancer cells, we investigated its ability to improve viral
infection via CAR-independent pathway. To test the utility of sCAR-ligand proteins for Ad
targeting, we used both sCARfRGD and sCARfNGR proteins in Ad-mediated gene transfer
assay with established human breast cancer cell lines and endothelial HUVEC cells. Our study
showed that the majority of breast cancer cells are relatively refractory to Ad infection (Fig. 10).
These data were corroborated by flow cytometry analysis that showed either absence or low
level of CAR on their cell surface. Importantly, high levels of integrins and c-erbB-2 (5) were
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detected in these cell lines, which suggested that Ad targeting to these receptors might
overcome poor vector susceptibility attributable to the lack of CAR.
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Fig. 10. Ad-mediated gene transfer to breast cancer cells. The breast cancer cell lines MDA-
MB-435S, ZR-75-1, AU-565, MDA-MB-468, MCF-7, MB-231, SK-BR-3, and BT-474 were
infected with AdLUcGFP vector expressing luciferase reporter gene. Cells were incubated for 40
h to allow expression of reporter gene, then were lysed, and the luciferase activity was
analyzed. Results are presented as relative light units (RLU) detected in the cells. Each point
represents the cumulative mean +SD of triplicate determinations.

To determine the magnitude of gene transfer augmentation provided by sCAR-ligand
proteins they were titered against a constant dose of AdLucGFP vector (MOl 100 vp/cell) as
measured by improvements in reporter gene transfer efficiency. The increase of Ad infection
efficiency mediated by sCARfRGD or sCARfNGR adapters (targeted Ad) was measured by
luciferase activity that was detected in infected cells compared with untargeted Ad
preincubated with sCARf control protein. As shown in Fig. 11, the sCARfRGD targeting protein
mediated a 3-, 4-, 6-, 8-, 11-, 13-, and 120-fold enhancement of gene transfer to BT-474, MB-
468, SK-BR-3, HUVEC, AU-565, MCF-7, and MB-435 cells, respectively. Consistent with the
results of binding experiments, we did not observe any significant augmentation of viral gene
transfer in case of SCARfNGR. As expected, the enhanced Ad binding to cells mediated by the
sCARfRGD targeting adapter correlated with augmentation of infection efficiency, as seen in
gene transfer experiments. The sSCARfRGD/Ad ratio providing maximal gene transfer increase
ranged from 1x107 to 3x107 pmol/vp for most cell lines tested.

The magnitude of gene transfer augmentation by c-erbB-2-targeted Ad complexed with
sCARfC6.5 adapter was illustrated on selected c-erbB-2-positive cell lines and c-erbB-2-
negative MDA-MB-468 cells (5). It was shown that sSCARfC6.5 targeting protein mediated a
3.4-, 11-, 32-, 47-, and 135-fold enhancement of gene transfer to MCF-7, SK-OV-3, BT-474,
SK-BR-3, and AU-565 cells, respectively. Consistent with the augmentation of the Ad gene
transfer to c-erbB-2-positive cell lines achieved by sCARfC6.5 targeting protein, sSCARf control
protein caused a marked decrease in Ad gene transfer. Importantly, the use of both targeting
and control protein for Ad infection of c-erbB-2-negative MDA-MB-468 cells that expres
moderate levels of CAR resulted in an 8-fold decrease of gene transfer. These
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Fig. 11. Determination of optimal sCAR-ligand protein:Ad ratio. AdLUcGFP vector expressing luciferase
reporter gene was complexed with sCARfRGD or sCARfNGR targeting proteins or sCARf control
protein at varying concentrations to form integrin-targeted, APN-targeted, or untargeted viral
complexes, respectively. Monolayers of BT-474, MDA-MB-468, SK-BR-3, MCF-7, AU-565, MDA-MB-
435S, and HUVEC cells were infected with targeted or untargeted viral complexes at a MOI of 100
vp/cell. Cells were incubated for 46 h to allow expression of reporter gene, then were lysed, and the
luciferase activity was measured. Results are presented as gene transfer indexes that were calculated
as the ratio of luciferase activities detected in the cells infected with targeted Ad to luciferase activities
detected in the cells infected with untargeted Ad complexes formed at the same concentration of each
sCAR protein (Targeted Ad:Untargeted Ad). Each point represents the cumulative mean +SD of
triplicate determinations. Some error bars depicting SDs are smaller than the symbols.

data clearly indicate that the sCARfC6.5-targeting adapter promoted Ad infection of CAR-deficient cells
specifically via a c-erbB-2-dependent pathway.
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d. Validation of specificity of sCAR-ligand-mediated Ad gene transfer by blocking with
free ligand or specific anti-receptor antibodies in an infection-inhibition assay.

Our primary goal is to achieve Ad targeting to breast cancer cells through receptors
alternative to CAR. In this regard, the level of c-erbB-2-targeted viral infection could be
determined by blocking Ad/sCARfC6.5 infection with a specific competitor. As was observed
previously, exceeding the optimal sCAR-ligand/virus ratio proved to be inhibitory to gene
transfer, apparently because of competition for cellular receptors by free sCAR-ligand protein.

To validate that sSCARfC6.5-mediated virus-cell interactions occur specifically via c-erbB-2
we carried out an infection-inhibition assay using C6.5 scFv against c-erbB-2 as a competitor.
Varying amounts of sCARfC6.5 were used to form Ad/sCARfC6.5 complexes prior to infection
of AU-565 cells in the presence or absence of C6.5 scFv. As shown in Fig. 12, Ad gene
transfer in the presence of competitor was increased 2.2-fold compared to Ad alone. In
contrast, the augmentations of Ad gene transfer achieved by increasing amounts of
sCARfCB6.5 protein were blocked to the level of Ad alone by the presence of free C6.5 scFv.
This result indicates that increases in Ad gene transfer efficiency mediated by sCARfC6.5
targeting protein occur through specific interaction with the c-erbB-2 oncoprotein.
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Fig. 12. Specific inhibition of sCARfC6.5-mediated Ad gene transfer. AdLucGFP vector
expressing luciferase reporter gene was preincubated with PBS (Ad alone) or sCARfC6.5
targeting protein at varying concentrations to form c-erbB-2-targeted viral complexes. The
monolayers of AU-565 were preincubated for 15 min at 25°C in the presence or absence of
C6.5 scFv (5 pg/well) and then were infected with either targeted viral complexes or Ad alone at
MOI of 100 vp/cell for 45 min at 25°C. Cells were incubated for 40 h to allow expression of
reporter gene, then were lysed, and the luciferase activity was analyzed. Results are presented
as relative light units (RLU) detected in the cells infected in the presence or absence of C6.5
scFv. Each point represents the cumulative mean +SD of triplicate determinations.

In order to further validate the specificity of Ad targeting using sCAR-ligand adapter
proteins we carried out an infection assay in a mixed cell culture. Ad vector expressing red
fluorescent protein was preincubated with increasing amounts of sCARfC6.5 or PBS as a
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control and then used to infect the cell monolayers formed by Hela and AU-565 breast cancer
cells. Importantly, AU-565 cells were shown to have high c-erbB-2 expression and absence of
CAR while Hela cells express high level of CAR and no c-erbB-2. Infected cells were harested
24 hours post-infection and were stained for c-erbB-2 using indirect immunofluorescence
assay in a parallel with cell mixtures infected with Ad alone and uninfected cells. Stained cell
samples were then analyzed by flow cytometry to determine the percentages of c-erbB-2-
positive (AU-565) and c-erbB-2-negative (Hela) cells expressing red fluorescent protein in
infected and uninfected mixed cell cultures. The results of this experiment presented in Fig. 13
demonstrate that the sCARfC6.5 targeting adapter provided a 2.7- to 3-fold increase of Ad
gene transfer to AU-565 cells compared to Ad alone while simultaneously decreasing gene
transfer to Hela cells 18- to 27-fold. These data indicate that Ad targeting mediated by
sCARfC6.5 adapter protein could improve overall selectivity of Ad infection for c-erbB-2-
expressing breast cancer cells up to 72-fold compared to CAR-positive Hela cells.
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Fig. 13. Ad infection mediated by sCARfC6.5 adapter in a mixed cell culture. Ad5Red vector
expressing red fluorescent protein was preincubated with 1.4, 4.1, or 12.3 pg of sCARfC6.5 (c-
erbB-2-targeted Ad) or PBS (Ad5Red) and used to infect the cell monolayers formed by Hela
and AU-565 cells at MOI of 170 vp/cell. Infected cells were harvested 24-h post-infection,
stained for c-erbB-2 with Ab-2(9G6.10) mouse MAb using indirect immunofluorescence assay,
and were then analysed by flow cytometry to determine the percentages of c-erbB-2-negative
(Hela) and c-erbB-2-positive (AU-565) cells expressing red fluorescent protein relative to
uninfected cells. The percentages of infected red fluorescent cells were calculated separately
for c-erbB-2-negative and c-erbB-2-positive cell populations.
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Task 3. To employ sCAR-ligand fusion proteins to accomplish targeted Ad infection in
the context of animal model relevant to human breast cancer.

a. Estimate the potential of sCAR-ligand proteins to increase Ad-mediated gene
delivery to human breast cancer xenografts established in the subcutaneous tissue
of athymic nude mice.

i. _Characterization of sCAR-ligand fusion proteins. Specificity of SCARfRGD and sCARfCB6.5
fusion targeting proteins was first confirmed in vitro using an ELISA to evaluate binding to the
Ad5 fiber knob protein and by a Western blot to confirm protein integrity. In each case the
specific binding properties of fusion proteins were maintained (data not shown). To confirm the
ability of sSCARfRGD targeting protein to promote Ad vector infection of CAR-negative breast
cancer cells via ay-integrins, we used MDA-MB-435 breast adenocarcinoma cell line. To
validate the ability of sCARfC6.5 targeting protein to mediate Ad infection of breast cancer
cells via c-erbB-2 oncoprotein, we employed the derivative MDA-MB-435 cell line, MB-435.eB
(kindly provided by Dr. Dihua Yu, The University of Texas M. D. Anderson Cancer Center,
Houston, TX), stably transfected with human HER-2/neu gene and expresses c-erbB-2 at high
levels (17, 18). In order to evaluate the ability of SCAR-ligand targeting proteins to direct Ad
infection to breast cancer cells in vifro, an AdLuc vector carrying the luciferase reporter gene
was used. This vector was complexed with either sCARfRGD or sCARfC6.5 protein by
incubating virus with increasing amounts of the protein for 30 min at room temperature to
prepare targeted viral complexes as we described previously. These complexes were then
used to infect MDA-MB-435 or MB-435.eB cells, which do not express the native Ad receptor,
CAR, but do express oay-integrins, the secondary receptor, or c-erbB-2 oncoprotein
respectively. As shown in Fig. 14, targeted AdLuc vectors were able to achieve enhanced,
CAR-independent infection of these cells, with marked increase in gene delivery.

40 1
—&—sCARfRGD
IMB-435.eB

——A==sCARfRGD
IMB-435

—&—sCARfC6.5/
MB-435.eB

——O=—=sCARFC6.5/
MB-435

[T
o
i

Gene transfer increase
- n
o (=]
a2 [

1.0 2.0 3.0 4.0 5.0 6.0
sCARf-ligand protein, pmol/ml

Fig. 14. sCAR-ligand-mediated Ad infection of breast cancer cells. AdLuc vector was
complexed with sSCARfRGD or sCARfC6.5 targeting proteins at varying concentrations to form
integrin-targeted or c-erbB-2-targeted viral complexes, respectively. Monolayers of MDA-MB-
435 or MB-435.eB cells were infected with targeted or Ad alone at a MOI of 100 vp/cell. Cells
were incubated for 46 h to allow expression of reporter gene, then were lysed, and the
luciferase activity was measured. Results are presented as gene transfer indexes that were
calculated as the ratio of luciferase activities detected in the cells infected with targeted Ad to
luciferase activities detected in the cells infected with Ad alone. Each point represents the
cumulative mean +SD of tnphcate determinations. Some error bars depicting SDs are smaller
than the symbols.
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The sCARfRGD targeting protein provided 31-fold and 36-fold increase of luciferase activity
that was detected with Ad vector alone in MDA-MB-435 or MB-435.eB cells respectively. Virus
complexes formed with c-erbB-2 -targeting sCARfC6.5 protein achieved 21-fold increase of
luciferase activity compared to Ad vector alone when was used to infect MB-435.eB cells.
Important that no enhancement of gene delivery was seen for AdLuc complexed with
sCARfC6.5 to the parent MDA-MB-435 cells, which do not expresses c-erbB-2 oncoprotein.
These results thus proved that a substantial increase in transduction efficiency of CAR-
negative breast cancer cells could be achieved by targeting of Ad infection to a,-integrins or c-
erbB-2 oncoprotein, and further, that this mechanism could be employed to deliver genes to
Ad-refractory breast cancer cell types in vivo.

ii. Analysis of Ad targeting to breast cancer cells at intratumoral injection in vivo. In keeping
with our principal goal of in vivo targeting, we next evaluated the tumor targeting potential of
Ad complexes formed using sCAR-ligand proteins following intratumoral injection in a murine
model of human breast cancer. To evaluate Ad targeting properties of sCAR-ligand fusion
proteins after direct intratumoral administration in a murine model of human breast cancer
xenografts we compared gene transfer mediated by AdLuc vector alone to the levels of gene
transfer achieved by AdLuc complexed with varying amounts of sCARfRGD protein. Three
separate experiments were performed. Either Ad vector alone (10° v.p.) or the same viral dose
of Ad/sCARfRGD complex was administered by direct multiple injections into subcutaneous
tumor nodules formed by either MB-435.eB or MDA-MB-435 cells in NIH Il nude mice (five
mice per group). Two days later the mice were killed, tumor nodules and livers were harvested
and analyzed for luciferase activity. For each analysis the entire tumor was snap-frozen,
ground using a mortar and pestle, then cells were lysed in lysis buffer and luciferase activity in
the supernatant was measured using a commercial kit (Promega) and a Berthold luminometer.
A representative experiment is shown in Fig. 15.
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Fig. 15. sCAR-ligand-mediated Ad gene transfer after intratumoral injection. AdLuc was
complexed with indicated amounts of sCARfRGD protein to form Ad/sCARfRGD targeted
complexes. Either Ad vector alone or Ad/sCARfRGD complexes (10° v.p.) were administered by
multiple injections into subcutaneous tumor nodules formed by either MB-435.eB or MDA-MB-
435 cells in NIH Il nude mice. Two days later the mice were killed, tumor nodules were
harvested and luciferase activity was quantified. Data are means + SD of five mice per group.

Data are presented as relative light units (RLU) per milligram of tissue in the lysates. Analysis
of luciferase activity revealed a significant difference in the levels of luciferase expression
between AdLuc vector alone and Ad/sCARfRGD viral complexes. Notably, the levels of gene
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transfer enhancements were different depending on the dose of SCARfRGD targeting protein
used to form viral complexes. For both MB-435.eB and MDA-MB-435 tumor xenografts, the
highest level of gene transfer was seen at 10 pg of sSCARfRGD targeting protein per animal.
Over three experiments mean luciferase expression in MDA-MB-435 tumor xenografts was
2.8-, 4.6-, and 3.6-fold higher for Ad/sCARfRGD (at the dose of 1, 10, 100 pg respectively),
whereas luciferase activity in MB-435.eB tumors was 4.9, 6.7-, and 3.3-fold higher compared
to Ad alone. The levels of luciferase activity in liver were very low with both Ad alone and
Ad/sCARfRGD viral complexes and were not significantly different (data not shown). Thus,
these data provide the evidence that Ad targeting to cellular integrins mediated by sCAR-
ligand proteins can overcome CAR deficiency on breast cancer cell types and lead to
enhanced tumor transduction and gene delivery in the context of intratumoral vector
administration.

b. Characterize the tumor/normal organs distribution of '|-labeled sCAR-ligand fusion
proteins administered by systemic injection into a tail vein of nude mice bearing a
breast cancer xenografts.

To determine the biodistribution of sCARfRGD and sCARfC6.5 fusion proteins after
systemic vascular administration in a murine model of human breast cancer, each protein was
labeled with '?°| (3x10° cpm/g) in lodo-Gencoated tubes (Pierce) as described previously (19).
First, we choose to test radiolabeled proteins for their ability to bind to the cellular a,-integrins
or c-erbB-2 oncoprotein in vitro. To this end, MB-435.eB cells were incubated with either 2l
sCARfRGD or '®°|-sCARfC6.5 at 37 or 4°C for 1 h. Unbound radioactivity was washed off, then
the radioactivity associated with the cell surface was released by incubating the cells with 50
mM glycine, 100 mM NaCl, pH 2.5, for 15 min [at 37 or 4°C]. Cells were washed and trypsin—
EDTA was added to detach the cells and determine the cell-associated radioactivity.
Unfortunately, no specific cell-binding of radiolabeled proteins was seen above background
level to MB-435.eB cells suggesting that the radiolabeling procedure had disturbed the
receptor-binding specificities of sCAR-ligand fusion proteins (not shown). In order to confirm
that radiolabeling has negatively affected the receptor-binding properties of sCAR-ligand
proteins we used labeled and unlabeled sCARfRGD and sCARfC6.5 proteins to test their Ad
targeting abilities as described in a. i). Fig. 16. shows the comparison of Ad gene transfer to
MB-435.eB cells mediated by sCARfC6.5 compare to both radiolabeled sCAR-ligand proteins.
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Fig. 16. Effect of sCAR-ligand protein radiolabeling on Ad targeting to MB-435.eB cells. AdLuc
vector was complexed with sCARfC6.5, '*|-labeled sCARfRGD, or '®I-labeled sCARfC6.5
proteins at varying concentrations. Monolayers of MB-435.eB cells were incubated with Ad
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alone or Ad/sCAR-ligand viral complexes at a MOI of 100 vp/cell. Cells were incubated for 46 h
to allow expression of reporter gene, then were lysed, and the luciferase activity was measured.
Results are presented as gene transfer indexes that were calculated as the ratio of luciferase
activities detected in the cells infected with Ad/sCAR-ligand complexes to luciferase activities
detected in the cells infected with Ad alone. Data are means + SD of triplicate determlnatlons
Some error bars depicting SDs are smaller than the symbols.

As could be seen from this figure, Ad targeting properties of radiolabeled 125|_sCARfRGD and
125_sCARfC6.5 proteins were indeed disturbed, thus, precluding their use in biodistribution
studies in vivo.

c. Perform Ad targeting experiments to assess the ability of sCAR-ligand proteins
mediate Ad gene delivery to tumor in vivo at systemic injection in a mouse model of

human breast cancer.

The ability of the sCARfRGD an sCARfC6.5 targeting proteins to direct Ad vector to the
tumor was assessed using a murine model of human breast tumor xenografts created by
injecting 107 breast adenocarcinoma cells subcutaneously into each flank of NIH IlI Nude
mouse. Tumors were allowed to grow for two weeks or until tumor nodule is at least 100 mm?®
and animals were randomized by tumor size to form experimental and control groups (n = 5-7
mice/group). Aliquots of AdLuc vector (5x10° v.p.) were complexed with 10 pg of sCARf-ligand
fusion protein (or incubated with diluent as a control) for 30 min at room temperature and then
injected into the tail vein of tumor-bearing mice. Two days later, mice were sacrificed, tumor
nodules and livers were harvested and luciferase activities per milligram tissue were
determined. Luciferase expression in tumors and organs was variable between individual
animals within experimental and control groups. Comparisons between groups were made
using Student’s t test, and significance was accepted at P < 0.05.

In order to illustrate the utility of Ad tropism modification approach based on the use of
bispecific sCAR-ligand proteins we employed sCARfRGD fusion to assess systemic tumor
targeting via integrin pathway. The results presented in Fig. 17 demonstrate Ad vector
targeting to tumor xenografts established using MDA-MB-435 breast cancer cells.
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Fig. 17. The sCARfRGD targeting protein increases gene transfer to MB-435 tumor xenografts.
NIH lll nude mice bearing the MB-435 breast tumor xenografts were injected via tail vein with 5
x 10° v.p. of AdLuc vector alone or Adluc preincubated with either sSCARfRGD or sCARfC6.5
targeting protein. Two days later the mice were killed, tumor nodules were harvested and
luciferase activities were quantified. Raw data for each individual animal are presented.
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As we showed previously these cells do not express the native Ad receptor, CAR, but do
express integrins, the secondary viral receptor. Retargeted AdLuc vector complexed with
sCARfRGD protein was able to achieve enhanced, CAR-independent systemic gene delivery
to MB-435 tumor xenografts with mean increase in luciferase activity over three independent
experiments of 13-fold compared to AdLuc alone (P = 0.035). To validate the specificity of
sCARfRGD-mediated systemic Ad gene delivery via tumor cell integrins we compared its effect
with sCARfC6.5, c-erbB-2-targeting protein, employed as a negative control (Fig. 17). Owing to
the fact that MDA-MB-435 cells do not express c-erbB-2 oncoprotein, we did not expect
sCARfC6.5 to affect Ad-mediated gene delivery (untargeted Ad) in this breast cancer animal
model. When compared to the untargeted Ad vector, sSCARfRGD-mediated targeting showed a
substantial increase in tumor luciferase expression (mean increase over three experiments 7-
fold, P = 0.043). Important, the difference between untargeted AdLuc complexed with
sCARfC6.5 and AdLuc vector alone was not statistically significant (P = 0.3) thereby
corroborating the specificity of Ad tumor targeting mediated by sCARfRGD in vivo.

To further demonstrate the ability of sSCAR-ligand proteins to accomplish tumor-specific Ad-
mediated gene delivery at systemic vascular administration we tested the effect of sCARfC6.5,
c-erbB-2-targeting protein, in vivo. To this end, we employed MB-435.eB breast cancer cells
overexpressing the c-erbB-2 oncoprotein (35-37), a molecule of established therapeutic
relevance in breast cancer. As illustrated in Fig. 18 the use of sCARfC6.5 targeting protein
provided significant augmentation of Ad-mediated gene transfer to subcutaneous MB-435.eB
tumor xenografts compared to AdLuc alone (mean increase over three experiments 23-fold, P
= 0.028). To validate the specificity of SCARFC6.5-mediated c-erbB-2 targeting in vivo we used
sCARTf fusion protein lacking C6.5 scFv ligand. As was expected tumor gene transfer achieved
by untargeted Ad vector complexed with control sCARf protein was not significantly different
compared to the level of luciferase expression demonstrated by Ad alone (P = 0.35). This
experiment showed that only sCARfC6.5-mediated Ad targeting achieved enhanced transgene
expression in the tumor in comparison to mice that received AdLuc alone or untargeted Ad
complexed with sCARf (Fig. 18).
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Fig. 18. The sCARfC6.5 targeting protein increases gene transfer to MB-435.eB tumor
xenografts. NIH Ill nude mice bearing the MB-435.eB breast tumor xenografts were injected via
tail vein with 5 x 10°v.p. of AdLuc vector alone or Adluc preincubated with either sCARfC6.5 or
sCARTf control protein. Two days later the mice were killed, tumor nodules were harvested and
luciferase activities were quantified. Raw data for each individual animal are presented.

These data demonstrate that targeting of Ad infection to breast cancer cell types
expressing c-erbB-2 by means of virus complexing with sCARfC6.5 protein provides marked
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improvement of gene delivery to tumor xenografts in vivo. Thus, our studies established that
retargeting of Ad infection to cancer cell types via cellular integrins and c-erbB-2 oncoprotein is
able to provide tumor-specific enhancement of gene delivery to breast tumor xenografts via the
systemic vascular administration route.
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Fig. 19. Inhibition of Ad transduction of the liver by sCAR-ligand proteins. NIH 1ll nude mice
bearing tumor xenografts established using MDA-MB-435 or MB-435.eB breast
adenocarcinoma cells were injected via tail vein with 5 x 10° v.p. of targeted Adluc complexes
formed with either sCARfRGD (A) or sCARfC86.5 (B) or AdLuc vector alone. Two days later the
mice were killed, tumor nodules and livers were harvested and luciferase activities were
quantified. Raw data for each individual animal are presented.
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Fig. 20. Untargeted Ad vector increases both tumor and liver transduction. NIH I hude mice
bearing tumor xenografts established using MDA-MB-435 (A) or MB-435.eB (B) breast
adenocarcinoma cells were injected via tail vein with 5 x 10° v.p. AdLuc vector. Two days later
the mice were killed, tumor nodules and livers were harvested and luciferase activities were
quantified. Raw data for each individual animal are presented.

A key attribute of Ad vector targeting based on the use of bispecific protein adapters is that
native Ad tropism could be ablated thereby decreasing viral transduction of nontarget organs
and tissues. Fig. 19 shows the effect of our tumor targeting approach on liver transduction in
mice that received either sSCARfRGD- or sCARfC6.5-targeted Ad. There was an obvious trend
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toward reduction of luciferase expression in the liver, which is most clearly seen in mice that
demonstrated the highest tumor transduction. We believe that the observed reduction in liver
transduction is a consequence of blocking of native CAR-dependent Ad tropism in vivo due to
the complexing of the Ad fiber knob domain with sCAR-ligand targeting protein. In contrast,
augmentation of Ad-mediated gene delivery to tumor xenografts in mice injected with AdLuc
alone were most often associated with corresponding increase in liver transduction (Fig. 20)
and could be explained by increase of effective systemic viral dose. The use of quantitative
PCR to detect Ad vector DNA in tumor and liver tissues confirmed the results of gene transfer
analysis (not shown).

Thus, our studies established that Ad infection mediated by bispecific adapter proteins
was dependant upon unique cancer cells recognition properties of these reagents and their
specificity for breast tumor xenografts and thus supported our hypothesis that tumor-targeted
gene delivery could be achieved in vivo by the modification of Ad tropism. To our knowledge
this is the first demonstration that an Ad vector can be selectively retargeted to tumor
xenografts when administered via a peripheral vein.

KEY RESEARCH ACCOMPLISHMENTS

¢ Plasmid vector was constructed that contains recombinant gene encoding soluble CAR
ectodomain, six-His purification tag, phage T4 fibritin polypeptide, hinge region and site for
cloning of ligand sequences.

e Recombinant fusion proteins containing sCAR, fibritin trimerization domain and either RGD-
4C or NGR peptide ligands were produced using baculovirus expression system and
purified.

e Produced fusion proteins sCARf, sCARf-RGD4C, and sCARf-NGR were shown to form
stable trimers and maintain designed composition.

e Trimeric sCAR-fusion proteins were shown to possess an augmented affinity to Ad fiber
knob domain and increased ability to block CAR-mediated Ad infection compared to
monomeric sCAR protein.

o Set of established breast cancer cell lines AU-565, SK-BR-3, BT-474, MCF-7, ZR-75-1,
MB-468, and GI-101A was characterized for expression levels of CAR and ay-integrins.

e We characterized recombinant sCARfNGR, sCARfRGD, and sCARfC6.5 targeting proteins
for their ability to mediate Ad binding to breast cancer and endothelial cells expressing
APN, a,-integrins, and c-erbB-2 oncoprotein, respectively.

o In contrast to sSCARfNGR, both sCARfRGD and sCARfC6.5 adapter proteins were capable
of mediating viral infection via o,-integrins and the c-erbB-2 oncoprotein providing up to
120-fold increases in Ad gene transfer to breast cancer cells compared to the sCARf
control protein.

e We demonstrated that targeting of an Ad vector using the sCARfC6.5 adapter in mixed cell
culture improves the selectivity of Ad infection for c-erbB-2-positive breast cancer cells up
to 72-fold compared to CAR-positive Hela cells.

e We showed that Ad targeting to cellular integrins mediated by sCAR-ligand proteins can
overcome CAR deficiency on breast cancer cell types and lead to enhanced tumor
transduction and gene delivery in the context of intratumoral vector administration.

e Our studies established that retargeting of Ad infection to cancer cell types via cellular
integrins and c-erbB-2 oncoprotein is able to provide tumor-specific enhancement of gene
delivery to breast tumor xenografts via the systemic vascular administration route.
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CONCLUSIONS

In conclusion, the work presented in this report completely addressed all 3 tasks outlined in
the approved Statement of Work. The utility of sSCAR-ligand adapter proteins for Ad targeting to
breast cancer cell types in vitro was characterized using virus-cell binding and gene transfer
assays. The use of sSCARfRGD and sCARfC6.5 targeting adapters allowed CAR-independent
Ad binding and infection of breast cancer cells via a-integrins and the c-erbB-2 oncoprotein,
respectively. It was shown that sCARfRGD and sCARfC6.5 adapter proteins were capable of
providing up to 120-fold increases in Ad gene transfer to breast cancer cells compared to
sCAR(f control protein (5). To illustrate the targeting potential of sSCAR-ligand approach in vitro
we carried out sCARfC6.5-mediated Ad infection in heterogeneous cell populations. We
demonstrated that the use of the c-erbB-2-targeting adapter in mixed cell culture improved the
selectivity of Ad infection for c-erbB-2-positive breast cancer cells up to 72-fold compared to
CAR-positive Hela cells.

In order to extend the utility of this Ad targeting strategy we explored the ability of sCAR-
ligand adapter to enhance an oncolytic effect of replication-competent vectors. We constructed
a novel replication-deficient Ad expressing a secretory sCAR-EGF adapter capable of virus
retargeting to EGFR, resulting in a more than 150-fold increase in gene transfer (20).
Coinfection of this vector secreting the sCAR-EGF adapter with replication-competent Ad
resulted in increased oncolysis in vitro and therapeutic benefit in vivo.

Further, we demonstrated that retargeting of Ad infection to cancer cell types via cellular
integrins and c-erbB-2 oncoprotein is able to provide tumor-specific enhancement of gene
delivery to breast tumor xenografts via the systemic vascular administration route. Our animal
experiments established that Ad infection mediated by bispecific adapter proteins was
dependant upon unique cancer cells recognition properties of these reagents and their
specificity for breast tumor xenografts and thus supported our hypothesis that tumor-targeted
gene delivery could be achieved in vivo by the modification of Ad tropism. To our knowledge
this is the first demonstration that an Ad vector can be selectively retargeted to tumor
xenografts when administered via a peripheral vein.

These results strongly suggest that Ad vector targeting using recombinant sCAR-ligand
adapter proteins could augment the selectivity of Ad-mediated gene transfer for breast tumors.
Our data cliarly indicate that the RGD motif and anti-c-erbB-2 scFv are promising ligands for
targeted Ad vector delivery to breast cancer cell types. Thus, Ad targeting approaches
employing sCAR-ligand adapters are expected to increase the efficiency of therapeutic gene
delivery and decrease the toxicity of Ad vectors, which should improve the therapeutic index of
cytotoxic gene therapy for carcinoma of the breast in clinical trials.
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ABSTRACT

The use of adenovirus (Ad) vectors for cancer gene therapy applications
is currently limited by several factors, including broad Ad tropism asso-
ciated with the widespread expression of coxsackievirus and adenovirus
receptor (CAR) in normal human tissues, as well as limited levels of CAR
in tumor cells. To target Ad to relevant cell types, we have proposed using
soluble CAR (sCAR) ectodomain fused with a ligand to block CAR-
dependent native tropism and to simultaneously achieve infection through
a novel receptor overexpressed in target cells. To confer Ad targeting
capability on cancer cells expressing the c-erbB-2/HER-2/neu oncogene,
we engineered a bispecific adapter protein, SCARfC6.5, that consisted of
sCAR, phage T4 fibritin polypeptide, and C6.5 single-chain fragment
variable (scFv) against c-erbB-2 oncoprotein. Incorporation of fibritin
polypeptide provided trimerization of sSCAR fusion proteins that, com-
pared with monomeric SCAR protein, resulted in augmented affinity to
Ad fiber knob domain and in increased ability to block CAR-dependent
Ad infection. We demonstrated that sCARFC6.5 protein binds to cellular
c-crbB-2 oncoprotein and mediates efficient Ad targeting via a CAR-
independent pathway. As illustrated in cancer cell lines that overexpress
¢c-erbB-2, targeted Ad, complexed with sSCAR{C6.5 adapter protein, pro-
vided from 1.5- to 17-fold enhancement of gene transfer compared with
Ad alone and up to 130-fold increase in comparison with untargeted Ad
complexed with SCARS control protein. The use of recombinant trimeric
sCAR-scFv adapter proteins may augment Ad vector potency for target-
ing cancer cell types.

INTRODUCTION

Ad? represents a large family of nonenveloped viruses (1). Human
Ad includes 47 known viral serotypes grouped into six distinct sub-
groups, A to F. Most of the studies on the mechanism of Ad infection
have concluded that receptor recognition is one of the key factors that
determines cell tropism (2, 3). In this regard, the initial steps of Ad
infection involve at least two sequential virus-cell interactions, each
mediated by a specific viral capsid protein. Ad infection is initiated by
the binding of globular knob domain of trimeric fiber protein to a host
cell primary receptor (4, 5). Subsequent interaction of the penton base
with ¢, integrins mediates virion intemnalization via receptor-medi-
ated endocytosis (6). Fiber receptor for Ad subgroups A, C, D, E, and
F has been identified as the CAR (7-9). CAR is an integral membrane
protein consisting of two extracellular immunoglobulin-like D1 and
D2 domains, a transmembrane region, and a COOH-terminal cyto-
plasmic domain (8, 10). The extracellular domain of CAR is sufficient
for virus attachment and infection (11, 12), whereas both transmem-

Received 8/17/01; accepted 11/14/01.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact. '

! Supported by Idea Award DAMD17-00-1-0115 from United States Army Depart-
ment of Defense (I P. D.), National Cancer Institute Grant N0l C0-97110, and NIH
Grants P50 CA89019 and RO1 CA86881.

2 To whom requests for reprints should be addressed, at the University of Alabama at
Birmingham, WTI1-620, 1824 Sixth Avenuc South, Birmingham, AL 5294-3300. Phone:
(205) 934-2326; Fax: (205) 975-7949: E-mail: idmitricv@gtp.ccc.uzb.cdu.

3 The abbreviations used are: Ad, adenovirus; CAR, coxsackievirus and Ad receptor;
FACS, fluorescent-activated cell sorting; SCAR, soluble CAR ectodomain; scFv, single-
chain fragment variable; EGF. epidermal growth factor; EGFR, EGF receptor; MAb,
monoc;onal antibody; GFP, green fluorescent protein; v.p., viral particle(s); MOL. multi-
plicity/multiplicities of infcction; FBS, fctal bovine scrum.

brane and intracellular regions appear to be dispensable for these
functions (13). Both structural analysis of fiber knob complexed with
CAR D1 domain (14) and knob mutagenesis studies (15) revealed that
amino acid residues responsible for CAR binding are located on
lateral surfaces formed by the interface of two adjacent knob mono-
mers. These data suggest an avidity mechanism when three CAR
molecules could simultaneously bind per one fiber knob trimer, which
was recently supported by kinetic analysis of Ad2 knob binding to the
CAR D1 domain (16).

Well-characterized Ad serotypes 2 and S from subgroup C are
predominantly used as vectors for in vitro and in vivo gene delivery
(17), because of high infection efficiency in a variety of human cell
types and tissues. However, this broad viral tropism is disadvanta-
geous for gene delivery to cancer cell types refractory to Ad infection
because of the absence or low levels of CAR expression (18-21). This
limitation could be solved by Ad targeting via a nonnative viral
receptor (22, 23). Several strategies have been tested in an effort to
target Ad via CAR-independent pathways (24) including chemical
conjugation or genetic modification of viral capsid proteins to incor-
porate targeting ligands and the use of bispecific adapter molecules to
provide indirect virus linkage with the cell-surface receptors. The
technical achievement of Ad targeting via adapter molecules has been
approached by a variety of methods. Bispecific conjugates of anti-
bodies or their Fab fragments were used to achieve linkage between
target receptor and v.p. by means of specific recognition through
either a fiber knob domain or penton base (reviewed in Refs. 17, 22,
23). Further refinement of this strategy has been accomplished by the
engineering of recombinant proteins consisting of an anti-knob scFv
fused with human EGF (25) or a scFv against EGFR (26). The original
concept of employment of fusjon proteins comprising a soluble viral
receptor and targeting ligand was proposed for retrovirus targeting to
specific cell types (27). Applying this strategy to Ad targeting, we
have developed an approach based on the use of SCAR ectodomain
fused with EGF, achieving simultaneously the blocking of virus-CAR
interaction and the redirection of Ad to cells overexpressing EGFR
(28, 29). A similar approach was successfully applied to target Ad to
high-affinity Fcy receptor I-positive human monocytic cells (30). The
use of recombinant adapter molecules eliminates chemical conjuga-
tion and provides a high degree of flexibility for ligand substitution
and, consequently, expands the targeting capabilities of Ad vectors.

We hypothesized that the predicted 3:1 stoichiometry of CAR-knob
binding could provide high-affinity linkage of trimeric sCAR-ligand
proteins to v.p. and, thereby, promote the ligand-mediated binding to
target receptors. In this study, we describe a novel approach of Ad
transductional targeting to cancer cell types expressing c-erbB-2 on-
coprotein by means of a recombinant protein adapter. The gene known
as c-erbB-2/HER-2/neu, encoding a member of the erbB family of
growth factor receptors, is most frequently altered in human cancer
and was shown overexpressed in a number of malignancies including
tumors that arise in the breast and ovary (31, 32). We engineered a
bispecific protein, sSCARfC6.5, featuring a unique trimeric design and
consisting of SCAR fused with phage T4 fibritin polypeptide and C6.5
scFv against c-erbB-2. We have demonstrated that the sCARfC6.5
protein efficiently blocks Ad native tropism while simultaneously
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mediating virus infection via an alternative CAR-independent path-
way, which markedly enhances gene transfer efficiency to cell lines
that overexpress c-erbB-2. Our data suggest that the use of this
original approach may augment the potency of Ad vectors for cancer
gene therapy.

MATERIALS AND METHODS

Cells and Media. The 293 human kidney cell line, transformed with AdS
DNA, was purchased from Microbix (Toronto, Ontario, Canada). The human
breast cancer cell lines MDA-MB-468, AU-565, SK-BR-3, BT-474, and
MCF-7 and the ovarian cancer cell line SK-OV-3, established from adenocar-
cinomas of mammary gland and ovary, respectively, were from the American
Type Culture Collection (Manassas, VA). All of the cell lines were maintained
in recommended growth media supplied by Mediatech (Herndon, Va.) con-
taining 10% FBS (HighClone, Logan, UT) and 2 mM glutamine at 37°C in a
humidified atmosphere of 5% CO,. Infection of the cells with Ad was carried
out in the infection medium containing 2% FBS.

Enzymes. Restriction endonucleases, Klenow enzyme, T4 DNA ligase, and
proteinase K were from either New England Biolabs (Beverly, MA) or Boeh-
ringer Mannheim (Indianapolis, IN).

Antibodies. Murine serum to baculovirus-produced human sCAR protein
was gencrated at the University of Alabama at Birmingham Hybridoma Core
Facility. The MAb RmeB (33) to human CAR were produced using hybridoma
purchascd from American Type Culture Collection and kindly provided by
J. T. Douglas (University of Alabama at Birmingham). Penta-His MAbs were
from Qiagen Inc. (Valencia, CA). Rabbit serum against phage T4 fibritin
protein was kindly provided by V. Mesyanzhinov (Shemykin and Ovchinnicov
Institute of Bioorganic Chemistry, Moscow, Russia). Mouse MAbs to the
human c-erbB-2/HER-2/ncu oncoprotein, Ab-2 (Clone9G6.10), were pur-
chased from NeoMarkers Inc., (Fremont, CA). Normal mouse 1gG1 were from
OEM Concepts (Toms River, NJ). Goat antimouse and antirabbit IgG conju-
gated with alkaline phosphatase were from Sigma Chemical Co. (St Louis,
MO) and Pierce (Rockford, IL), respectively. Streptavidin-alkaline phospha-
tase conjugate was from Bio-Rad Laboratories (Hercules, CA). Alexa 488-
labeled goat antimouse IgG were from Molecular Probes (Eugene, OR).

Viruses. A rccombinant AdS vector, AdLucGFP, containing double ex-
pression cassette consisting of firefly luciferase gene and GFP gene under the
control of cytomegalovirus immediate early promoter in place of the E1 region
of the Ad genome, was constructed as described by Seki et al. (34). Ad was
propagated on 293 cells and purified by centrifugation in CsCl gradients by a
standard protocol. The titers of physical v.p. and infectious v.p. were deter-
mined by using the methods of Maizel et al. (35) and Mittereder er al. (36),
respectively.

Construction of Recombinant Plasmids. To generate the recombinant
gene encoding the extracellular domain of human CAR followed by polypep-
tidc sequence derived from bacteriophage T4 fibritin protein (37), PCR was
used. Sense primer 5'-GTT GAA AGA TCT GGA TTA ACC AAT AAA ATA
AAA GCT ATC GAA ACT GAT ATT GCA TCA G complementary to
position 1240 of the fibritin gene was designed to introduce Bglll restriction
site into the amplified DNA sequence, and antisense primer 5'-TTG CGG CCC
CAG CGG CCG CTG GTG ATA AAA AGG TAG complementary to position
16 of untranslated 3’-region was designed both to introduce Noil restriction
sitc and to substitute a stop codon for an alanine (GCC) codon. The PCR
fragment (238 bp) was digested with Bg/ll and Nodl, and a 214-bp DNA
fragment encoding 71 COOH-terminal amino acids of fibritin M polypeptide
(38) was purified. A Bglll-Notl-fragment was ligated with BamHI- and NotI-
digested plasmid pFBshCAR-EGF (29) that contained the recombinant gene
for thc CAR ectodomain. Hisg. short linker, and human EGF to substitute EGF
for the fibritin sequence. This plasmid, designated pFBsCARfibritin, was then
cleaved with Notl and ligated with oligonucleotide duplex 5'-GGC CCA ACC
GCA GCC AAA ACC TCA ACC CCA GCC ACA ACC TCA GCC CAA
ACC TCA GCC TAA ACC GGT TTA AAC GGC C coding for a proline-rich
hinge region that was derived from camel immunoglobulins and containing an
Agel site followed by a stop codon. A plasmid clone that contained the DNA
duplex in the corrcet orientation was selected by sequencing and was desig-
natcd pFBsCARfCh. The resultant plasmid was then used as a vector to
generate the recombinant baculovirus using the Bac-to-Bac baculovirus con-

struction system (Life Technologies, Inc., Grand Island, N.Y.) to express
sCARf protein. Then, oligonucleotides 5'-CCG GGA GCT CTG CGC TAG
CT and 5’-CCG GAG CTA GCG CAG AGC TC, designed to contain Sacl and
Nhel restriction sites and Agel-compatible cohesive 5’-ends, were annealed to
form duplex DNA and ligated to Agel-digested pFBsCARfCh. Plasmid clones
were sequenced, and the plasmid containing the DNA duplex in the correct
orientation was designated pFBsCARfChSN. DNA sequence coding for C6.5
scFv against c-erbB-2 was PCR amplified from ¢cDNA (provided by J. D.
Marks, Department of Anesthesia and Pharmaceutical Chemistry, University
of California, San Francisco, CA) using primers 5'-AGG AAA CCG GTG
GTC TAG ATC AGG TGC AGC and 5’-AGT ATC TAG AGG GAA CTA
GTA CGG TCA GCT TGG TCC CTC, which were designed to introduce Xbal
and Spel restriction sites, respectively. The PCR product was digested with
Xbal and Spel, and a purified 769-bp DNA fragment was cloned into Spel-
cleaved pFastBacHTa (Life Technologies, Inc.), which resulted in plasmid
pFB6hC6.5. Then, plasmid pFBsCARfChSN was digested with Sacl and Nhel
and ligated with 775-bp Sacl-Spel-fragment DNA, coding for C6.5 scFv
isolated from pFB6hC6.5. The constructed plasmid, containing recombinant
gene encoding SCAR, Hisg, short linker, fibritin polypeptide, hinge region, and
C6.5 scFv, was sequenced to confirm the correct DNA structure. The resultant
plasmid, designated pFBsCARfCS.5, was then used to gencrate the recombi-
nant baculovirus using the Bac-to-Bac system.

Expression, Purification, and Biotinylation of the Fusion Proteins. The
fusion proteins, SCARf and sCARfC6.5, comprised of sSCAR-Hisg-fibritin and
sCAR-His,-fibritin-hinge-C6.5scFv polypeptide sequences, respectively, were
expressed in High Five cells (Invitrogen, Carlsbad, CA) that were infected with
recombinant baculoviruses. Recombinant Hisg-tagged proteins were purified
from dialyzed culture medium by immobilized metal-ion-affinity chromatog-
raphy on Ni-nitrilotriacetic acid (Ni-NTA)-Sepharose (Qiagen Inc.) as de-
scribed previously (29). Protein concentrations were determined by the BCA-
200 protein assay kit using bovine gamma globulin as the standard (Pierce).
Purified SCARS and previously produced sCAR-His, (29) proteins were bioti-
nylated using EZ-Link SulfoNHS-LS-Biotinylation kit (Pierce). The degree of
biotin-protein incorporation [detcrmined using HABA method (Pierce)] was
0.6 biotin per molecule of SCAR-His; monomeric protein and 0.5 biotin per
trimeric molecule of sSCARS protein.

Protein Electrophoresis and Western Blot. To determine whether the
recombinant SCARS and sSCARfC6.5 fusion proteins could form trimers, they
were analyzed by SDS-PAGE. Purified proteins were either boiled in Laemmli
loading buffer prior to clectrophoresis to denature proteins to monomers or
loaded on the gel without denaturation. The trimeric or monomeric configu-
rations of protein molecules were determined based on their mobilitics in the
gel. To analyze the composition of sCAR fusion proteins, we used Western
blot. Samples of boiled SCARFC6.5 and sCARS proteins separated on 4-15%
gradient SDS-PAGE were transferred to polyvinylidene difluoride membrane
and probed with murine anti-sCAR serum, Penta-His MAb, or rabbit antifi-
britin serum. Bound IgG were detected with secondary alkaline phosphatase-
conjugated antibodies.

ELISA. Solid-phase binding ELISA was performed as follows. Recombi-
nant AdS knob protein, expressed in Escherichia coli as described previously
(39), was diluted in 50 mM NaHCO, (pH 9.6) at a concentration of 1 ug/ml and
was immobilized on Nunc-Maxisorp ELISA plate overnight. The wells were
blocked with PBS [10 mM NaH,PO,. 10 mM KH,PO, (pH 7.4), and 136 mM
NaCl] containing 0.05% Tween 20 and 2% BSA and then were washed with
PBS containing 0.05% Tween 20. Biotinylated sSCAR-Hisg and sCARS pro-
teins, diluted in blocking buffer to concentrations ranging from 0.01 to 25
pmol/ml, were added to the wells in 100-p1 aliquots. After a 1-h incubation at
room temperature, the wells were washed, and bound biotinylated proteins
were detected by 45-min incubation with 1:1000 dilution of streptavidin-
alkalinc phosphatasc conjugate (Bio-Rad). The plates were then developed
using signal-producing reagent p-nitrophenyl phosphate (Sigma Chemical
Co.). Plates were read in a microtiter plate reader, set at 405 nm, results are
presented as mean absorbance = SD.

Indirect Immunofluorescence. The analysis of cell lines for expression
levels of CAR and c-erbB-2 oncoprotein was performed by indirect immuno-
fluorescence assay using flow cytometry as follows. Aliquots (100 ui) of cells,
resuspended in FACS buffer {10 mM NaH,PO,. 10 mM KH,PO, (pH 7.4), 136
mM NaCl, 1% BSA, and 0.1% NaN,] at a concentration of 2 X 10° cells/ml
were incubated with either RmcB (anti-CAR) or Ab-2 (anti-c-erbB-2) MAD at
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a concentration of 5 ug/ml for 1 h at 4°C. An isotype-matched normal mouse
IgG1 was used as a ncgative control. Cells were washed with FACS buffer by
centrifugation and then were incubated with secondary Alexa 488-labeled goat
antimouse antibody (Molecular Probes) at a concentration of 5 ug/ml for 1 h
at 4°C. Cells were washed with FACS buffer prior to flow cytometry analysis.
To validate that C6.5 scFv, incorporated in the context of SCARFCS.5 protein,
are able to bind to cellular c-erbB-2, cells were incubated first with sSCARfC6.5
or with sCARS protein as a negative control at a concentration of 10 pg/ml.
After a 1-h incubation, cells were washed and incubated with primary RmcB
MADb and then with secondary Alexa 488-labeled antibody as described above.
Cell samples (10* cells/sample) were analyzed by flow cytometry performed at
the University of Alabama at Birmingham FACS Core Facility. Data were
expressed as the geometric mean fluorescence intensity of the entire gated
population. The positive cell population was determined by gating the right-
band tail of the distribution of the negative control sample for each cell line
at 1%.

Gene Transfer Assay. The assay of Ad-mediated genc transfer to the cells
was performed as follows. Aliquots (3 ul) of AdLucGFP vector were mixed
with 6-ul aliquots of SCARf or sSCARfCS.5 protein dilutions ranging from 0.2
to 53 pmol or of PBS [10 mM NaH,PO,, 10 mM KH,PO, (pH 7.4), and 136 mMm
NaCl] for 15 min at room temperature. The virus-sCARprotein-containing
complexes were diluted to 1 ml with infection medium containing 2% FBS,
and 200-pl aliquots were then added to the cell monolayers [grown in a
24-well plate (3-5 X 10° cells/well) at MOI of 100 v.p./cell} and were
incubated for 30 min at room temperature to allow virus internalization. Then,
infection medium was aspirated, the cells were washed with PBS, and the cells
were incubated in a growth medium containing 10% FBS at 37°C to allow
expression of the reporter genes. Forty-six h postinfection, cells were lysed and
luciferase activity was analyzed by using the Promega (Madison, WI) lucif-
erasc assay system and a Berthold (Gaithersburg, MD) luminometer. For
inhibition of the Ad infection of 293 cells AdLucGFP vector was mixed with
sCARS or sCARfC6.5 protein dilutions (1.1-30 pmol), or with sCAR-His,
protein dilutions (3-230 pmol), or with PBS for 15 min at room temperature.
Monolayers of 293 cells were exposed to the virus-sCARprotein-containing
complexes at MOI of 13 v.p./cell for 30 min and then were incubated for an
additional 20 h at 37°C to allow expression of luciferase gene prior to analysis.

RESULTS

Design and Generation of sSCAR Fusion Proteins. To exploit the
trivalent nature of CAR-knob interaction for the purposes of Ad
targeting, we engineered a recombinant adapter protein consisting of
soluble CAR in fusion with a trimerization sequence and a targeting
ligand (Fig. 14). We hypothesized that the predicted 3:1 stoichiometry
of CAR-knob binding could provide high-affinity linkage of trimeric
sCAR-ligand adapter proteins to virus and thereby block CAR-depen-
dent Ad infection. Our goal was to generate a trimeric SCAR-ligand
protein capable of efficiently blocking Ad native tropism while pro-
viding a novel target-selective tropism to c-erbB-2-positive cells (Fig.
1B). Because of the absence of a specific cognate ligand for c-erbB-2
oncoprotein, we chose C6.5 scFv as a targeting moiety that binds to
the extracellular domain of this tumor antigen (40).

The gene encoding the extracellular part of human CAR including
secretion signal, six-histidine tag (His,), flexible linker, trimerization
domain, hinge region, and C6.5 scFv was designed to produce
sCARSC6.5 targeting protein. To achieve trimerization of the sCAR
fusion molecule, we used a polypeptide derived from bacteriophage
T4 fibritin protein, which is known to form highly stable homotrimers
(37). Genetically engineered fibritin M polypeptide (38), containing
71 amino acids corresponding to the last a-helical coiled-coil segment
and the complete COOH-terminal domain of phage T4 fibritin protein,
was used. A proline-rich hinge region (20 amino acids) derived from
camel antibodies served as a junction between the fibritin polypeptide
and downstream scFv. The gene encoding sCAR, Hisg, linker, fibritin
M, and hinge region was used to produce sCARS control protein. The
constructed genes for sSCARf and sCARSCS6.5 proteins were expressed
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Fig. 1. 4, design of sCARfC.5 fusion protein. The recombinant fusion gene encoding
the human CAR ectodomain, Hisg, polypeptide derived from phage T4 fibritin protein
(Fibritin); proline-rich hinge region (Hinge), and C6.5 scFv to c-erbB-2 oncoprotein was
constructed in 2 baculovirus expression vector. The sequence encoding fibritin polypep-
tide was introduced into the design to achieve sSCARFC6.5 protein trimerization. Recom-
binant gene was expressed in baculovirus-infected insect cells and seereted SCARfC6.5
protein was purified. B, use of SCARfC6.5 protein for Ad targeting. Engineered bispecific
sCARSCS.5 fusion protein serves as an adapter between Ad and cells expressing c-erbB-2
oncoprotein. Presence of three sCAR domains in the context of trimerized adapter
molecule potentially provides high-affinity viral linkage because of the trivalent stoichi-
ometry of CAR-knob binding. The use of trimeric sSCARfC6.5 adapter protein might,
therefore, allow efficient blocking of Ad infection of CAR-bearing cells. C6.5 scFv
targeting moiety of virus-bound adapter protein mediates recognition of c-erbB-2-positive
cells, thereby providing novel target-specific Ad tropism.

in a baculovirus expression system that has already proved its utility
for the expression of functional sCAR (9) and chimeric sCAR-EGF
(29). Both of the fusion proteins were produced in a secreted soluble
form after infection of High Five insect cells with generated recom-
binant baculoviruses. Secreted sCARf and sSCARFC6.5 Hisg-tagged
proteins were purified and were analyzed for the presence of encoded
polypeptide sequences and trimerization.

Characterization of Recombinant sCAR Fusion Proteins. The
polypeptide composition of produced fusion proteins was character-
ized by Western blot analysis. Detection of denatured electrophoreti-
cally resolved sCARf and sCARfC6.5 proteins using specific anti-
bodies revealed the presence of the CAR ectodomain, His, tag, and
fibritin sequences in the context of both of the fusion proteins (Fig.
24). The incorporation of scFv sequence in SCARfC6.5 protein was
confirmed by the shift of its electrophoretic mobility compared with
sCARf, indicating the predicted 27 kDa increase of molecular mass.
The presence of additional minor bands in the sample of SCARfC6.5
protein was likely the result of incomplete translation of SCARfC6.5
mRNA. To determine whether the recombinant secreted sCARf and
sCARfC6.5 proteins form trimers, these proteins were analyzed by
SDS-PAGE. Electrophoresis of denatured protein samples showed the
presence of major bands with molecular masses close to 36 and 63
kDa as expected for monomeric forms of sCARf and sCARfC6.5
molecules, respectively (Fig. 2B). Electrophoretic mobility of nonde-
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Fig. 2. Characterization of SCAR fusion proteins. 4, Western blot of sCAR fusion
proteins. Samples of purified SCARSC6.5 (Lanes 2, 4, and 6) and sCARS (Lanes 3, 5, and
7) proteins were boiled in Laemmli loading sample buffer and separated on 4-15%
gradient SDS-PAGE. Electrophoretically resolved proteins were transferred to polyvinyli-
dene difluoride membrane and probed with murine anti-sCAR serum (Lanes 2 and 3),
Penta-His MAb (Lanes 4 and 5). or rabbit anti-fibritin serum (Zanes 6 and 7). Bound
murine or rabbit IgG were detected with secondary alkaline phosphatase-conjugated goat
antimouse or antirabbit antibodies. respectively. Numbers or the lefi, molecular masses of
marker proteins (Lare 1) in kilodaltons. 8, trimerization analysis of sSCAR fusion proteins.
Samples of sCARfC6.5 (Lanes ! and 2) and sCARf (Lanes 3 and 4) proteins and
molecular mass marker (Lane 5) were separated on 4-15% gradient SDS-PAGE. The
samples in Lanes 2 and 4 were boiled in Laemmli loading buffer to denaturc proteins to
monomers, whereas proteins in Lanes / and 3 were not denatured by boiling. Protein
bands were visualized by GELCODE blue stain reagent. Numbers on the right, molecular
masses of marker proteins in kilocéaltons.

natured protein samples was greatly decreased compared with dena-
tured proteins as was predicted for trimeric forms of sCARf and
sCARfC6.5 molecules. This demonstrated that incorporation of
fibritin polypeptide in the context of these recombinant fusion pro-
teins results in efficient trimerization of both sCARfC6.5 and sCARf
control protein. Thus, the analysis of sSCARf and sCARfC6.5 proteins
indicates that generated sCAR fusion proteins maintain both designed
composition and stable trimeric conformation.

Analysis of SCAR Fusion Proteins Binding to Ad Fiber Knob.
We characterized trimeric sSCARS protein with respect to its ability to
bind Ad fiber knob compared with monomeric sCAR-Hisg protein
generated previously (29). The knob-binding affinities of sCARf and
sCAR-His, proteins were compared by ELISA using immobilized
AdS knob expressed in E. coli (39). Compared with monomeric
sCAR-His, protein, the knob-binding affinity of trimeric sCARf pro-
tein was increased at least 20-fold in a range of tested concentrations
from 0.1 to 5 pmol/ml (Fig. 34). This result suggests that, compared
with sCAR-His, monomer, trimeric SCARS protein possesses aug-
mented ability to provide viral linkage by means of high-affinity
binding to Ad fiber knob domain. Therefore, trimeric sSCAR fusion
proteins might offer improved blocking capability of CAR-dependent
virus-cell attachment and viral infection.

To determine whether augmented binding to Ad fiber knob results
in increased ability of trimeric sCAR proteins to block Ad infection,
we performed an infection inhibition assay. AdLucGFP vector, ex-
pressing both luciferase and GFP reporter genes, was preincubated

with either PBS or one of the sCAR-Hiss, SCARS, or sCARfC6.5
proteins at varying concentrations and was used to infect 293 cells,
which are known to express a high level of CAR. The ability of sCAR
fusion proteins to block viral infection was assessed by sCAR protein
dose-dependent impairment of Ad-mediated gene transfer as meas-
ured by luciferase activity in infected cells (Fig. 3B). It was shown
that SCARFC6.5 as well as sSCARS displayed an increased ability to
inhibit CAR-dependent Ad infection compared with monomeric
sCAR-His protein. The concentrations of sSCARfC6.5, sCARS, and
sCAR-Hisg needed to block Ad infection by 50% were 3, 6, and 54
nM, respectively. Interestingly, SCARfC6.5 protein displayed Ad in-
fection inhibition efficiency somewhat higher than did sCARS control
protein. This experiment validated the utility of trimeric SCAR fusion
proteins to block CAR-dependent Ad tropism and, therefore, provided
a rationale for additional c-erbB-2 targeting studies.

Bispicific SCARfC6.5 Protein Binds to Cellular c-erbB-2. Flow
cytometry analysis was performed to validate that C6.5 scFv incor-
porated into recombinant sSCARfC6.5 fusion protein retained its abil-
ity to bind c-erbB-2 oncoprotein at the cell surface. The sCARfC6.5

-protein was used to bind to c-erbB-2 that was overexpressed on

AU-565 breast cancer cells. The MDA-MB-468 breast cancer cell
line, previously shown to be c-erbB-2-negative, was used as a control.
The sCARfC6.5 protein, bound to c-erbB-2 displayed at the cell
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Fig. 3. Analysis of SCAR fusion proteins binding of to Ad fiber knob. 4, comparison of
monomeric and trimeric SCAR protein knob-binding by ELISA. Biotinylated trimeric sCARf
and monomeric SCAR-His, fusion protcins were incubated at various concentrations with
immobilized recombinant AdS fiber knob protein. Biotinylated sCAR fusion proteins bound
to fiber knob were detected with alkaline phosphatase conjugated with streptavidin, Each
poin, the cumulative mean * SD of triplicate determinations. Error bars (some are smaller
than the symbols), SDs. B. inhibition of Ad infection of CAR -positive cells bv sCAR fusxon
proteins. AdLucGFP vector containing luciferase exp n was bated with
either PBS or with increasing amounts of monomeric sCAR-Hisg, or trimeric sCARY, or
SCARFCS.5 fusion proteins. Viral mixtures were added to monolayers of 293 cells at MOI of
100 v.p./cell. After 30-min incubation to allow/virus internalization, the medium was changed
and cells were incubated for an additional 20 h at 37°C to allow luciferase expression. Then,
cells were lysed, and relative luciferase activity was analyzed. Luciferase activities, detected
in cells infected in the presence of sCAR fusion proteins, are shown as percentages of
luciferase activity registered in control cells infected with AdLucGFP incubated with PBS.
Each point represents the cumulative mean * SD of triplicate determinations. Error bars
(some are smaller than the symbols), SDs.
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Fig. 4. Confirmation of sCARfC6.5 protein binding to cellular c-erbB-2. Trimeric
sCARSC6.5 and sCARS fusion proteins were incubated with cither c-erbB-2-positive
AU-565 or c-erbB-2-nagative MB-468 cells. The sCAR fusion proteins bound to cells
were probed with anti-CAR RmcB MAb and then detected with secondary Alexa 488-
labeled goat antimouse antibodies. Binding of SCARfC6.5 protein (black line) to c-erbB-
2-positive AU-565 cells is seen because of the positive staining relative to SCARS control
protein (gray line) or anti-CAR MAD alone (spike filled in black). Representative data
from two independent experiments are shown.
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surface, presented the CAR ectodomain for antibody detection with
primary anti-CAR RmcB MAb (33) followed by a secondary anti-
mouse fluorochrome-conjugated antibody. As shown in Fig. 4, incu-
bation of AU-565 cells, naturally low in CAR (Fig. 5), with
sCARSC6.5 protein increased cell binding of anti-CAR antibody. In
contrast, neither the incubation of AU-565 cells with sCARS control
protein nor the incubation of SCARfC6.5 with MDA-MB-468 c-erbB-
2-negative cells revealed any increase of RmcB MADb antibody bind-
ing compared with MAb alone (Fig. 4). Thus, we demonstrated that
C6.5 scFv that was incorporated in the context of fusion protein
retained its functional ability to recognize cellular c-erbB-2 oncopro-
tein, which enabled sCARfC6.5 protein binding to c-erbB-2-positive
cells.

sCARfC6.5 Adapter Protein Mediates c-erbB-2-specific Ad In-
fection. To test the utility of SCARfC6.5 adapter protein for Ad
targeting, we evaluated its ability to improve Ad-mediated gene
transfer to c-erbB-2-positive cells. The established human breast
cancer cell lines AU-565, SK-BR-3, BT-474, MCF-7, and MDA-MB-
468 and ovarian cancer cell line SK-OV-3 were used to validate the
ability of c-erbB-2 oncoprotein to mediate Ad infection. Our previous
study showed that these cells are relatively refractory to Ad infection,*
The data were corroborated by flow cytometry analysis that showed
either absence or low level of CAR on their cell surface (Fig. 5).
Importantly, high levels of c-erbB-2 were detected in these cell lines
(Fig. 5), which suggested that Ad targeting to c-erbB-2 may overcome
poor vector susceptibility attributable to the lack of CAR. To deter-
mine the optimal adapter protein to virus ratio, sSCARfC6.5 protein
was titered against a constant dose of AdLucGFP vector (100 v.p./
cell) as measured by improvements in gene transfer efficiency. The
magnitude of gene transfer augmentation by targeted Ad complexed
with sSCARfC6.5 adapter was illustrated on selected c-erbB-2-positive
cell lines and c-erbB-2-negative MDA-MB-468 cells compared with
untargeted Ad preincubated with sCARS control protein or Ad alone
(Fig. 6). Fig. 64 shows sCARfC6.5 protein dose-dependent enhance-
ment of gene transfer that was achieved by targeted Ad compared with
that achieved by untargeted Ad, as measured by luciferase activity that
was detected in infected cells. The sSCARfC6.5/Ad ratio providing
maximal gene-transfer increase ranged from 1 X 1077 t0 3 X 1077
pmol/v.p. depending on the cell line tested. As shown in Fig. 64, the
sCARFC6.5-targeting protein mediated a 3.4-, 11-, 32-, 47-, and
135-fold enhancement of gene transfer to MCF-7, SK-OV-3, BT-474,
SK-BR-3, and AU-565 cells, respectively. The sCARfC6.5 adapter
protein provided 1.5- to 17-fold increase of Ad gene transfer com-
pared with Ad alone in most cell lines; however, the levels of

4 Unpublished observations.

improvement in cell transduction were highly variable (Fig. 6B).
Although c-erbB-2-targeted Ad showed a 6-fold enhancement of gene
transfer to SK-OV-3 cells-and no transduction improvement of
MCF-7 cells compared with Ad alone, both of the cell lines demon-
strated similar levels of gene transfer and remained relatively Ad
refractory. Consistent with the augmentation of the Ad gene transfer
to c-erbB-2-positive cell lines achieved by sCARfC6.5 targeting pro-
tein, untargeted Ad that was complexed with sSCARS control protein
showed a marked decrease in gene transfer. Importantly, the use of
both targeting and control protein to mediate the Ad infection of
c-erbB-2-negative MDA-MB-468 cells that expressed moderate lev-
els of CAR resulted in an 8-fold decrease of gene transfer. These data
strongly indicate that the SCARfC6.5-targeting adapter promoted the
Ad infection of CAR-deficient cells specifically via a c-erbB-2-
dependent pathway.

Augmentation of c-erbB-2-targeted Ad Infection Efficiency.
The Ad infection of the cells overexpressing c-erbB-2 oncoprotein
mediated by the sSCARfC6.5-targeting protein resulted in the enhance-
ment of luciferase reporter gene expression. This increase in reporter
activity could result from an increased number of infected cells or,
alternatively, from an elevated level of transgene expression caused
by the augmented infection of a limited population of cells. To address
this issue, cells were infected with AdLucGFP vector, preincubated
with PBS (Ad alone), sSCARS (untargeted Ad), or sSCARfC6.5 (c-erbB-
2-targeted Ad) proteins at a sCAR protein:Ad ratio of 2 X 1077
pmol/v.p. Ad infection efficiency was monitored by direct visualiza-
tion of GFP expression by fluorescence microscopy. Fig. 7 shows the
results of Ad-mediated GFP reporter gene delivery to three represent-
ative cell lines: AU-565, SK-BR-3, and BT-474. Infection with
AdLucGFP vector alone resulted in a low percentage of GFP-express-
ing cells, whereas highly increased numbers of infected cells were
detected in the case of c-erbB-2-targeted Ad. In contrast, infection
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Fig. 5. Expression of CAR and c-erbB-2 in cancer cell lines. The breast cancer cell
lincs MCF-7, BT-474, SK-BR-3, AU-565, and MB-468 and ovarian cancer cell linc
SK-OV-3 were analyzed for CAR and c-er5B-2 expression ( by indirect immunofluores-
cence assay using anti-CAR RmcB and anti-c-erbB-2/HER-2/neu Ab-2 MAD. respec-
tively. Positive staining for CAR (thin black line) and c-erbB-2 (bold black line) is seen
relative to an isotype control 1gG (spike filled in gray). Representative data from two
independent experiments are shown.
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Fig. 6. sSCARfC6.5 targeting adapter protein promotes Ad gene transfer to c-erbB-2-
positive cells. 4. determination of optimal sCARfC6.5 adapter protein:Ad ratio.
AdLucGFP vector expressing luciferase reporter genc was preincubated with either
sCARSC6.5 targeting protein or SCARS control protein at varying concentrations to form
c-erbB-2-targeted or untargeted viral complexcs, respectively. The monolayers of MCF-7,
BT-474, SK-BR-3, AU-565, SK-OV-3, and MB-468 cells were infected with targeted or
untargeted viral complexes at MOI of 100 v.p./cell. Cells were incubated for 46 h to allow
expression of reporter gene, then were lysed, and the luciferase activity was analyzed.
Results arc presented as logarithm of ratio of luciferase activities detected in the cells
infected with targeted Ad to luciferase activities detected in the cells infected with
untargeted Ad complexes formed at the same concentration of each sCAR protein
(Targeted Ad:Untargeted Ad). Each point represents the cumulative mean = SD of
triplicate detcrminations. Error bars (some are smaller than the symbols). SDs. B,
enhancement of Ad gene transfer by sCARfC6.5 targeting protein. AdLucGFP vector was
preincubated with either PBS (4d alone) or one of SCARFCG.5 (c-erbB-2-targeted Ad) or
SCARS (untargeted Ad) proteins at the concentration providing maximal gene transfer
augmentation as determined in 4. The cell monolayers were infected with Ad alone (W),
c-erbB-2-targeted Ad (@), or untargeted Ad (EJ) viral complexes at MOI of 100 v.p./cell
and analyzed for luciferase expression 46 h postinfection. Luciferase activitics detected in
cell lysates arc shown as the cumulative mean of triplicate determinations of relative light
units (RLU) = SD.

with untargeted Ad showed a decreased infection efficiency compared
with that of Ad alone, which resulted in few or no fluorescent cells.
Infection of c-erbB-2-negative MDA-MB-468 cells with targeted Ad
did not show any improvement of infection efficiency compared with
that achieved by untargeted Ad or by Ad alone (data not shown).
These results were consistent with data obtained for Ad-mediated
luciferase gene delivery (Fig. 6).

- DISCUSSION

One of the major challenges facing Ad gene delivery systems is the
modification of viral native tropism to confer targeting capability on
selected cell types. The limitation of Ad vectors associated with broad
CAR-dependent tropism and inefficient infection of CAR-deficient
cells could be solved by Ad targeting to a novel receptor overex-
pressed in the cells of interest. In this study, we explored the utility of

a recombinant adapter protein to achieve modification of Ad tropism.
The use of adapter molecules to mediate cell-specific Ad infection
relies on the following: (@) the ability to be produced and purified at
preparative amounts and retain stable structure; (b) the ability to
provide efficient linkage to the v.p. while blocking Ad native tropism;
and (c) the ability to achieve binding to cell-specific receptors, thus
generating a novel tropism. We previously developed a targeting
approach based on the use of the sCAR ectodomain fused with EGF.
which allowed both the blocking of CAR-dependent tropism and the
Ad targeting to the cells overexpressing EGFR (29). To extend this
approach, we engineered an adapter protein, sSCARfC6.5, comprised
of sCAR fused with a trimerization domain and a scFv against
c-erbB-2 oncoprotein to target cancer cell types, and a SCARS control
protein that lacked the anti-c-erbB-2 scFv targeting moiety. A trim-
erization domain derived from phage T4 fibritin protein was incorpo-
rated into the design of the SCAR fusion proteins to achieve tight viral
linkage by virtue of trivalent binding to the Ad fiber knob. Both the
sCARfC6.5 targeting protein and the control sCARS protein were
expressed in insect cells and purified at preparative amounts by
affinity chromatography. An analysis of purified fusion proteins
showed that sSCARf and sCARfCS6.5 retain their designed composition
and maintain stable trimeric structure. As expected, trimerization of
sCAR proteins resulted in the augmentation of knob-binding effi-
ciency by at least 20-fold compared with that achieved by the mono-
meric SCAR-His, protein. This result is consistent with a kinetic
analysis showing that, in contrast to the high on/off interaction rates
between CAR D1 domain and Ad2 fiber knob, the binding of the knob
domain to three D1 molecules simultaneously leads to a low overall
off rate and K, of ~1 nM (16). We then evaluated whether trimeriza-
tion would result in an improved ability of sSCAR proteins to block Ad
infection. An infection inhibition assay demonstrated that the concen-
trations (3 and 6 nMm, respectively) of trimeric SCARfC6.5 and sCARf
proteins that were needed to inhibit Ad-mediated gene transfer by
50% were, respectively, 18- and 9-fold lower than the concentration
(54 nm) of monomeric sCAR-His, protein that was needed. These data
proved the utility of trimeric sCAR adapter proteins in blocking
CAR-dependent Ad infection. The fact that T4 fibritin forms homotri-
mers that are resistant to dissociation by SDS and digestion by trypsin
(37, 38) suggests that the incorporation of a fibritin polypeptide in the
context of SCAR fusion might provide a highly stable trimeric struc-
ture compatible with in vitro, and likely in vivo, Ad targeting schemes.
We showed that, in addition to its ability to block Ad infection, the
sCARfC6.5 adapter protein binds to cellular c-erbB-2 oncoprotein
and, therefore, enables Ad targeting via a CAR-independent pathway.
In ovarian and breast cancer cell lines overexpressing c-erbB-2, the
ability of the c-erbB-2 oncoprotein to mediate Ad infection was
illustrated by markedly increased levels of gene transfer and numbers
of infected cells. Thus, the use of the SCARfC6.5 adapter protein
overcomes the barrier of CAR deficiency by retargeting the Ad
infection via the c-erbB-2 oncoprotein and provides a =2-fold en-
hancement of gene transfer efficiency in comparison with that pro-
vided by the sCARS control protein. Our observation that the use of
the sCARFC6.5 adapter decreased the Ad infection efficiency in
c-erbB-2-negative MDA-MB-468 cells that expressed moderate lev-
els of CAR suggests the high specificity of this Ad-targeting ap-
proach. Importantly, the presence of three scFvs in each trimeric
sCARfC6.5 molecule likely contributes to the increase in apparent
receptor affinity attributable to polyvalent binding and contributes,
therefore, to the efficiency of Ad targeting. In fact, the presence of
additional binding sites prolongs the association of scFv-based mol-
ecules with tumor cells in vitro and in vivo. Studies of bivalent
diabody molecules that were constructed from C6.5 scFv demon-
strated a more highly prolonged association (60-fold) with c-erbB-2
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Ad alone

Fig. 7. The use of SCARfC6.5 targeting protein im-
proves efficiency of Ad infection of c-erbB-2-positive cells.
AdLucGFP vector expressing GFP was preincubated with
PBS (4d alone), SCARFC6.5 adapter protein, or sCARS
control protein at the concentration of 2 X 10™7 pmol/v.p to
form c-erbB-2-targeted or untargeted viral complexes, re-
spectively. The monolayers of SK-BR-3, BT-474, and AU-

- 565 cells were infected with Ad alone, untargeted Ad, or
c-erbB-2-targeted Ad complexes at MOI of 100 v.p./cell.
Infected cells expressing GFP were detected 24 h postin-
fection by fluorescence microscopy.

on the surface of SK-OV-3 cells and more tumor-retained diabodies
(6.5-fold) when compared with scFv monomer (41).

The use of trimeric sCAR-ligand fusion proteins or recombinant
adapter molecules sharing a trimeric design to confer Ad targeting to
specific cell types may augment the utility of current Ad vectors. In
addition, the availability of scFvs with defined specificities to tumor
antigens offers the flexibility of ligand substitution to expand the
targeting capabilities of Ad vectors. Of note, Ad targeting by means of
bispecific antibody conjugates was shown to achieve direct therapeu-
tic goals in in vivo models relevant to human clinical cancer gene
therapy schemes (42—45). Thus, modification of Ad tropism based on
the use of recombinant adapters could facilitate target-directed infec-
tion, which will reduce the effective therapeutic viral dose, thereby
decreasing the immediate toxicity and increasing the safety and effi-
ciency of Ad vectors.
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Abstract

Cancer gene therapy with conditionally replicating adenoviruses is a
powerful way of overcoming low tumor transduction. However, one of the
main remaining obstacles is the highly variable level of the coxsackie-
adenovirus receptor expression on human primary cancers. In contrast,
the epidermal growth factor receptor (EGFR) is overexpressed in various
tumor types, and its expression correlates with metastatic behavior and
poor prognosis. We constructed an adenovirus expressing a secretory
adaptor capable of retargeting adenovirus to EGFR, resulting in a more
than 150-fold increase in gene transfer. A replication-competent dual-
virus system secreting the adaptor displayed increased oncolytic potency
in vitro and therapeutic gain in vivo. This approach could translate into
increased efficacy and specificity in the treatment of EGFR overexpress-
ing human cancers.

Introduction

CRAD:s? are a promising and novel way of overcoming low tumor
transduction, which is the main obstacle preventing effective gene
transfer and therapeutic effect in clinical applications of cancer gene
therapy (1). However, one of the main reasons why the unparalleled
transduction efficacy of Ads has not translated into similar results in
humans is the variable level of the CAR on primary cancers (2-9) in
vivo. CAR is ubiquitously expressed on normal epithelial tissues and
is the main receptor mediating binding of the most commonly used Ad
serotypes 2 and 5. Expression of CAR may be the major factor
determining the rate of transduction (4, 6, 9-11). Importantly, recent
evidence (11) suggests that CAR expression may inversely correlate
with the malignant potential of tumors, resulting in low infectivity of
highly aggressive tumors. In contrast to the expression profile of
CAR, EGFR, the prototype of cancer-associated receptors, is com-
monly overexpressed in many if not most carcinomas with correlation
to metastatic behavior and poor prognosis (12). A powerful approach
for increasing tumor transduction could be combining the tissue-
penetrating capability of CRADs with the transductional control pro-
vided by retargeting moieties. In support of this hypothesis, an arti-
ficial receptor system has been used to demonstrate that the effect of
Ad dispersion and subsequent oncolysis critically depends on receptor
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expression (13). We have constructed a novel virus that mediates
secretion of a fusion molecule consisting of the extracellular domain
of CAR and EGF. We then explored the capability of the SCAR-EGF
to retarget Ad to EGFR. Finally, we demonstrated that infection of
cancer cells with a SCAR-EGF-retargeted replication-competent dual-
virus system resulted in increased oncolysis in vitro and a therapeutic
benefit in vivo.

Materials and Methods

Viruses. For construction of AdsCAR-EGF, a replication-deficient Ad
with sSCAR-EGF in El, the gene coding for sSCAR-EGF was cloned from
pFBshCAR-EGF (14) into pShuttle-CMV (Quantum, Montreal, Quebec,
Canada). Homologous recombination with pAdEasy-1 (Quantum) was per-
formed in Escherichia coli, followed by confirmation of structure with
EcoRV and Pacl digestions, PCR, and scquencing of the transgene (data
not shown). The viral genome was transfected into 293 cells for plaque
purification, followed by cesium chloride purification and standard titering
with OD260 and plaque assay. Resulting titers were 3.8 X 10*! VPs/ml and
1.0 X 10'° plaque-forming units/ml, ratio = 38.4 VPs/plaque-forming unit.
Large-scale preparations of AdCMVLuc (a nonreplicating Ad-expressing
luciferase; courtesy of Dr. Robert Gerard, Texas Southwestern Medical
Center, Dallas, TX), AdsCAR6H (a nonreplicating Ad-mediating secretion
of SCARGH),* and A24 (an Ad with a 24-bp deletion in E/A, allowing
selective replication in cells mutant in the Rb-p/6 pathway; Ref. 15) were
performed with standard methods on 293 cells (or A549 cells for A24).

CRAdsCAR-EGF denotes a replication-competent, sSCAR-EGF-sccreting
dual-virus system consisting of equal VPs of AdsCAR-EGF and A24 mixed
immediately before administration to cells. CRAACMVLuc is the respective
combination of A24 and AdCMVLuc. A24 has been characterized previously
(15). Validating the dual-virus strategy, it has been demonstrated that
transcomplementation of E1 proteins from a plasmid or replication-competent
virus results in replication of El-deleted viruses present in the same cell (9,
16-18).

Cell Lines. 293 cells were purchased from Microbix (Toronto, Ontario,
Canada). A549 (lung cancer), HeLa (cervical cancer), U118 (glioma), A431
(squamous cell skin cancer), BT474, and MB-453 (breast cancer) were ob-
tained from the American Type Culture Collection (Rockville, MD), and
SKOV3.ipl cells (ovarian cancer) are from Dr. Janet Price (M. D. Anderson
Cancer Center, Houston, TX). Cell lines were propagated in the recommended
conditions.

Protein Detection. HeLa cells were infected overnight with 50 VP/cell,
and BT474 and MB453 cells were infected with 500 VP/cell of AdsCAR-EGF,
AdsCAR6H, and AdCMVLuc. Supernatants were collected at 48 h, and
cellutar debris was removed by centrifugation. Dilutions in a volume of 300 ul
were transferred onto a nitrocellulose membrane using the Bio-Dot apparatus
(Bio-Rad). BSA (3%) was used for blocking, followed by detection with a
1:5000 polyclonal mouse anti-CAR antibody (14) and 1:2000 goat antimouse
alkaline phosphatase (Sigma Chemical Co., St. Louis, MO) in 3% BSA.
Western blot analysis on the supematants was performed with standard meth-
odology in a 12% two-phase gel. and protcins were detected as above.
Baculovirus-expressed and -purified sCAR-EGF and sCAR6H (14) were used
as controls.

41. Dmitriev, unpublished observations.
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Retargeting Assays. SKOV3.ipl, U118, and A431 cells were infected in
duplicate with AACMVLuc preincubated for 30 min with aliquots of superna-
tants (see above). Twenty VP/cell were used for SKOV3.ipl, whereas 200
VP/cell were used for U118 and A431. Luciferase assay was performed 48 h
later (Luciferase Assay System; Promega, Madison, WI).

Cell-killing Assays. SKOV3.ip1 cells were plated in triplicate and in-
fected with A24 or AGCMVLuc for 1 h. Aliquots (25 ul) of AdsCAR-EGF
or AACMVLuc supernatant (from protein detection assays) were added
each day. At 20 days, cells were fixed with formalin and stained with
crystal violet.

Next, A431 and SKOV3.ipl cells were infected with the CRAACMVLuc or
CRAdsCAR-EGF for 1.5 h. After incubating for 20 days with medium
changes, the remaining cells were fixed and stained as above.

Preliminary toxicity analysis was performed by infecting A431 and
SKOV3.ipl cells with 50, 100, 200, 500, and 1000 VP/cell of AdsCAR-EGF
and AdsCARGH, followed by medium changes every 2 days for 20 days.

Animal Experiments. Initially, A431 cells were infected ex vivo with 50
VP/cell of CRAdsCAR-EGF for 1 h followed by a 5-h incubation. Cells were
then collected and mixed with uninfected cells, and a total of 107 cells were
injected into flanks of athymic CD-1/nu mice (Charles River Laboratories,
Wilmington, MA; n = five/group). Tumor size was determined as the mean of
the shortest and longest diameter (to avoid variability attributable to difficulty
with estimation of height).

To compare CRAdsCAR-EGF to CRAdCMVLuc in vivo, s.c. tumors were
established by injecting 5 X 10% A431 cell into both flanks of athymic mice
(n = five/group). When tumors were ~5 mm (“day 0”), viruses were injected
intratumorally in a 15-u] volume and tumors were measured as above. Each
mouse was checked daily for the absence of pain or distress (i9).

Statistics. Upon termination of the experiment, mean tumor size and
SDs were calculated for each group of animals for each time point. The
nonparametric change-point test (20) was used to show a systematic change
in the pattern of observations as opposed to fluctuation attributable to
chance. The mixed model (21) was used to longitudinally model the data on
each tumor. The variance covariance structure was determined by using
Akaike’s Information Criteria (22). The Proc Mixed procedure in SAS
v.6.12 (SAS Institute, Cary, NC) was used to examinc the cffects of group
and time on tumor growth.

A MB453
A

Results

Infection of Cells with AdsCAR-EGF Results in Secretion of
sCAR-EGF. Initially, infection of high EGFR HeLa cells (23) with
AdsCAR-EGF produced no evidence of secretion, whereas sSCAR6H
was secreted (Fig. 1). With low EGFR-expressing cells MB453 and
BT474 (14, 24), secretion of sSCAR-EGF was detected. The amount of
protein was estimated at 110 ng/ml (75-cm? flask; 12 ml of medium).
Western blot confirmed secretion (Fig. 18). The altered migration rate
of the protein in comparison with baculovirus-expressed sCAR-EGF
perhaps resulted from altered charge caused by different glycosylation
by insect cells. A preliminary investigation on sCAR-EGF toxicity
was performed by infecting SKOV3.ipl and A431 cells with various
amounts of AdsCAR-EGF and AdsCAR6H without significant dif-
ferences in cell viability (data not shown).

Secreted sSCAR-EGF Mediates Retargeting of Ad to EGFR.
Aliquots of supemnatant from AdsCAR-EGF-infected BT474 cells
were incubated with AACMVLuc. The virus-supernatant mix was
used for infection of SKOV3.ipl, Ull8, and A431 cells, which
display moderate (SKOV3.ipl and U118) to high (A431) EGFR
expression and moderate (A431) to low (SKOV3.ipl and U118) CAR
expression (4, 14). A supernatant dose-dependent increase in lucifer-
ase expression was seen, with the highest readings 17.1-, 20.2-, and
158-fold higher than without retargeting for SKOV3.ipl, U118, and
A431 cells, respectively (curves with triangles in Fig. 2).

With the highest amounts of supernatant from AdsCARG6H-infected
cells, luciferase expression was reduced to 73%, 48%, and 65% (on
SKOV3.ipl, U118, and A431, respectively) of the highest values for
the series (curves with squares in Fig. 2). sSCAR6H binds to Ad fiber
but does not mediate binding to EGFR, thus modeling blockage of
CAR-binding with sCAR-EGF.

Retargeting Replication-competent Ad to EGFR Results in
Increased Cell Killing in Vitro. To validate A24 replication in
SKOV3.ipl cells, infections were performed at 0, 0.01, 0.1, or 1
VP/cell, and aliquots of supernatant (from BT474 cells infected with

BT474 B
A

<

Ve

Fig. 1. Sceretion of sSCAR-EGF from human cancer
cells infected with AdsCAR-EGF. 4, supernatant from
MB453 and BT474 (both low EGFR breast cancer lines)
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cells infected with AdsCAR6H (codes for human CAR
ectodomain, positive control), AdsCAR-EGF. or AdCM-
VLuc (negative control) was centrifuged and then trans-
ferred onto a membrane. Arrow, the signal for SCAR-EGF.
When compared with known amounts of sSCAR-EGF (low-
est row), the amount of secretion could be estimated at 110
ng/ml. B, Western blot suggested that the sCAR-EGF
secreted from BT474 and MB453 cells (Lanes 1-2) was
close in size to baculovirus-expressed sSCAR-EGF (Lane
5). High EGFR HeLa cells (Lane 3) did not show evidence
of sSCAR-EGF secretion, but the positive contro! SCAR6H
was seereted (Lane 9). —. supernatants collected from cells
infected with AACMVLuc (Lanes 4 and 7). These serve as
negative controls. +, the positive controls, including Lare
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purified baculovirus-expressed proteins.
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Fig. 2. Secreted sSCAR-EGF mediates retargeting of Ad 25,000 - 80,000 -
to EGFR. Increasing amounts of supernatant collected from T
cells infected with AdSCAR-EGF (curves with A) were 1 250,000
incubated with AACMVLuc, and then the mix was added to g
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AdsCAR-EGF curves suggests that maximum retargeting 100,000 -
potential was not reached.
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AdsCAR-EGF or AdCMVLuc) were added daily. At 20 days, cell
killing and partial loss of monolayer was seen only with cells that had
been infected with 1 VP/cell and subjected to AdsCAR-EGF/BT474
supernatant (data not shown).

To study the effect of continuous sCAR-EGF secretion on the
oncolytic potential of CRADs, we infected SKOV3.ipl and A431
cells with the CRAdsCAR-EGF and CRAdCMVLuc dual-virus sys-
tems. On both cell lines, infection with CRAdsCAR-EGF resulted in
cell killing with one to two orders of magnitude less virus than with
CRAACMVLuc (Fig. 3).

Targeting Replicative Ad to EGFR Results in a Therapeutic
Advantage in Vivo. Various proportions of infected and uninfected
Ad431 cells were mixed and injected s.c. (Fig. 44). One percent of
infected cells was sufficient to inhibit tumor growth, and 5% or more
resulted in healing of tumors. None of the mice showed signs of

A

CRAJCMVLuc CRAdsCAR-EGF
VP/cell

illness or distress, suggesting that the secretion of SCAR-EGF did not
cause overt toxicity.

To evaluate SCAR-EGF retargeting in vivo, CRAdsCAR-EGF or
CRAJCMVLuc were administered with a single intratumoral injec-
tion into established A431 tumors (Fig. 4, B~C). The change-point test
(20) revealed that the tumor growth pattern changed at 13 days for 10°
VP CRAdsCAR-EGF (P = 0.0045), 21 days for 10° VP CRAJICM-
VLuc (P = 0.0012), 17 days for 10° VP CRAdsCAR-EGF
(P = 0.0026), and 25 days for 108 VP CRAACMVLuc (P = 0.0011),
i.e., 8 days earlier for CRAdsCAR-EGF with both doses.

The change-point test and the test of fixed effects (22) showed that
there was a significant correlation between observations of tumor size
and time (P < 0.0001 for all of the groups). A polynomial equation
was fit for each group, thereby creating a mathematical model for each
growth pattern (“modeled” in Fig. 4). The mixed model (22) was used

B

CRAdCMVLuc CRAdJsCAR-EGF
VP/cell

L g SIS g

Fig. 3. Targeting oncolytic Ad to EGFR with sCAR-EGF results in an increased oncolytic effect. (4) SKOV3.ipl or (B) A431 cells were infected with CRAdsCAR-EGF, a
replication-competent sSCAR-EGF-secreting dual-virus system. Oncolytic potency was compared with CRAJCMVLuc, which is isogenic in regard to replicativity but does not secrete
a retargeting molecule. A similar effect on cells was observed with 1 VP/cell of CRAdsCAR-EGF as with 100 VP/cell of CRAGCMVLuc, suggesting increased oncolysis because of

sCAR-EGF sccretion-mediated EGFR targeting.
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Fig. 4. sSCAR-EGF sccretion results in therapeutic efficacy in vivo. 4, various percentages of A431 cells were infected ex vivo with CRAdsCAR-EGF and mixed with uninfected
cells. One percent of infected cells was sufficient to inhibit tumor growth, whereas 5% or more resulted in healing of mice. Single intratumoral injections of (B) 10° or (C) 10% VP
of CRAdSCAR-EGF or CRAdCMVLuc dual-virus systems were performed into established A431 xenografts. Arrows (solid for CRAdsCAR-EGF, dotred for CRAACMVLuc) indicate
the change-point in tumor growth characteristics. which represents the time point when oncolysis changes the initial pattern of tumor growth. On the basis of tumor size measurements
(observed), the growth pattems were mathematically modeled for statistical comparison (modeled), and CRAdsCAR-EGF was found to be more oncolytic. *, P < 0.05; *+, P < 0.0001.

to allow for the curvature of the plots, which was caused by the
opposite effects of oncolysis and cell division. For the mice that
received injections with 10° VP, groups were significantly different
from day 29 onwards (P < 0.05; Fig. 4B). When 10® VP was used
(Fig. 4C), the differences were significant from day 25 onwards
(P = 0.0066 and 0.0003 on days 25 and 29, respectively,
and < 0.0001 on days 33-53).

Discussion

In this study, we report construction of the first human Ad secreting
a paracrine adaptor molecule. Secretion of sSCAR-EGF was demon-
strated with low EGFR cells (Lanes I and 2, Fig. 1), but not with high
EGFR Hela cells (23). In contrast, secretion was detected when HeLa
cells were infected with AdsCAR6H, which codes for ectodomain of
CAR but not EGF (Lane 9, Fig. 1B). EGF exhibits high affinity
binding to EGFR, which leads to rapid internalization but no recycling
of the receptor-ligand complex (12). Thus, perhaps secreted sCAR-
EGF also internalizes. Alternatively, binding without internalization
would also limit the amount of SCAR-EGF in the supernatant.

Supporting the capacity of sSCAR-EGF to mediate binding and
subsequent internalization of Ad, supernatant containing the fusion
molecule resulted in dose-dependent increases in marker gene expres-
sion (Fig. 2). The shape of the curves suggests that the upper limit of
retargeting potential was not reached. In an in vitro system, it is
difficult to assess the capability of a secreted fusion molecule to block
fiber-CAR interaction, because in the absence of CAR binding, uptake
of Ad into cells can also occur via alternative mechanisms (10).
However, we observed up to 52% reduction in luciferase expression
with sCAR6H, which could translate into partial blocking of CAR-
mediated internalization (into normat cells) by SCAR-EGF in vivo, but
additional studies are needed.

We used a dual-virus system (CRAdsCAR-EGF) to evaluate the

combination of oncolysis and EGFR targeting and saw dramatically
increased killing of cells relatively low in CAR but high in EGFR
expression, a combination commonly seen with primary cancer cells
(Fig. 3). In vitro, the isogenic control virus (CRAdCMVLuc) is
expected to enter cells even if they are low in CAR (10). The observed
difference in oncolysis may result from more rapid internalization of
the retargeted virus because of a higher number of receptors. In a
living organism, extracellular viruses are at risk for neutralization by
immune defenses or being swept away into organs responsible for Ad
clearance. Thus, the advantage of rapid binding and internalization
could be more pronounced.

s.c. xenografts are a stringent model for testing an oncolytic effect,
because viral replication is balanced against rapid tumor growth.
Here, we demonstrated significantly improved therapeutic efficacy of
CRAdsCAR-EGF in comparison with the isogenic control not secret-
ing sSCAR-EGF (Fig. 4).

No signs of sCAR-EGF-causing toxicity were evident when cells
were infected with AdsCAR-EGF in comparison with AdsCAR6H.
When sCAR-EGF was added daily to SKOV3.ip1 cells infected with
a CRAD, no evidence of toxicity to cells was seen. Moreover, obvious
signs of toxicity were absent in mice whose xenografts were infected
with CRAdsCAR-EGF. Additional studies will show whether the
adaptor molecule has an effect of cell growth or whether there is
toxicity in vivo. Also, it remains to be seen whether SCAR-EGF
mediates Ad internalization via the EGFR pathway or merely substi-
tutes for CAR in binding Ad for the native entry mechanism via
penton base arginine-glycine-aspartic acid and cellular integrins.

This is the first report of a retargeting molecule secretory from
human cells, but this strategy could be feasible with various high-
affinity, cancer-specific ligands. Because rapid screening methods
allow recognition of large numbers of cancer-specific features, un-
limited possibilities for retargeting with secretory-targeting moieties
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may soon be available. The dual-viras system used here provides a
useful model for rendering AdsCAR-EGF replicative and investigat-
ing the combination of oncolysis and retargeting, but efficacy could be
improved when sCAR-EGF is genetically incorporated into 2 CRAD.

In conclusion, we show that retargeting of replicating Ad to a

receptor overexpressed in cancers is a powerful way of increasing
tumor transduction and allows overcoming the lack of the primary Ad
receptor. Clinical translation of this approach may be effective in
treatment of a variety of human cancers that overexpress EGFR.
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Coxsackievirus-adenovirus receptor genetically fused
to anti-human CD40 scFv enhances adenoviral
transduction of dendritic cells
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A promising approach to immunotherapy involves the load-
ing of dendritic cells (DCs) with genetic material to facilitate
sustained expression of a relevant antigen in this population
of potent antigen presenting cells (APC). Viral vectors such
as adenovirus (Ad) have been used for this purpose. Exist-
ing methods for DC infection are limited by lack of specificity
and a requirement for DC exposure to high viral doses. Tar-
geting of Ad to DCs with bispecific antibodies has signifi-
cantly augmented levels of transgene expression. Genetic
fusion of the extracellular portion of coxsackievirus-aden-
ovirus receptor (CAR) to cell-specific ligands has also
proved successful in targeting Ad to cells of interest. We

report here the production and primary characterization of a
new fusion protein comprising the ecto-domain of CAR con-
nected to a single chain antibody (scFv) G28-5 against
human CDA40 present on the surface of DCs. We demon-
strate that the fusion protein (CAR/G28) specifically interacts
with both recombinant Ad fiber knob and the ecto-domain of
human CDA40 in a binding assay (ELISA). Finally, we show
that the CAR/G28 fusion protein promotes highly efficient
transduction of DCs of both rhesus monkey and human
origin.

Gene Therapy (2002) 9, 1189-1193. doi:10.1038/s}.gt.3301767

Keywords: CAR; CD40; scFv; dendritic cells; adenovirus; transduction enhancement

Dendritic cells play a central role in controlling immun-
ity. Antigen is initially processed by immature DCs,
which subsequently undergo maturation involving
phenotypic and functional changes that enable DC to
mediate specific T and B cell activation in a highly effec-
tive manner. In tumor-bearing hosts, antitumor immun-
ity can be compromised because tumor antigens fail to
elicit immune mechanisms to resist tumor growth. This
outcome is possibly related to a deficiency of DC express-
ing tumor antigens. Accordingly, strategies to vaccinate
against tumor-specific antigens utilizing DC are being
developed to bolster anti-tumor immunity.!

Loading of DC with antigens can be achieved by incu-
bation with antigen-specific peptides®® or cell lysates.?
Alternatively, antigen expression in DC can be induced
by gene transfer using either RNA* or DNA with non-
viral’® or viral*® vectors. Among the viral vectors, Ad is
notable for efficient in vitro and iz vivo gene transfer and
expression, which is independent of target cell repli-
cation. However, the relative resistance of DCs to Ad
" infection due to lack of CAR expression on DC surface’
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is an ostensible shortcoming for this approach. Efficient
DCs transduction with Ad has been reported, but high
viral doses and prolonged exposure of the DCs to virus
were required.® Ad transduction can also be facilitated
with liposomes,® but toxicity for DCs is a potential prob-
lem. Thus, there is a need to improve the specificity of
targeting Ad vectors to DC in the gene therapy field.

A recently reported approach to achieve directed Ad-
based gene transfer to DCs utilized a chimeric Ad of sero-
type 5 in which the fiber knob region was replaced with
that of Ad of serotype 35.° However, optimal transduc-
tion efficiency with such chimeric virus required a high
virus-to-cell ratio (multiplicity of infection, MOID. An
alternative approach of Ad targeting to DCs was
developed in our laboratory using a chemical conjugate
comprising a F(Ab) fragment of a monoclonal antibody
raised against Ad serotype 5 fiber and a whole mAb
against the DC marker protein CD40.” This bispecific
antibody demonstrated high transduction efficiency of
DCs at much lower viral doses. Notably, this DC-tar-
geted, Ad infection strategy also lead to phenotypic
changes reflecting DC maturation.

Recombinant proteins offer a number of technological
advantages including simplified production and purifi-
cation when compared with chemical conjugates. In
addition, during chemical conjugation only a fraction of
the input component will yield a functionally active




RESEARCH ARTICLE

Gene Therapy (2001) 8, 969-976
© 2001 Nature Publishing Group All rights reserved 0969-7128/01 $15.00

www.nature.com/gt

Improved gene transfer efficiency to primary and
established human pancreatic carcinoma target cells
via epidermal growth factor receptor and integrin-

targeted adenoviral vectors
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In this study we analyzed two ways of retargeting of Ad-
vectors to human pancreatic carcinoma with the aim of
enhancing the gene transfer efficiency. First, we analyzed
the expression of the epidermal growth factor receptor
(EGFR) on primary, as well as established pancreatic carci-
noma cells by flow cytometry which revealed high
expression levels of EGFR on the surface of these cells. We
showed that EGFR-retargeted entry pathway using a bispe-
cific fusion protein formed by a recombinant soluble form of
truncated Coxsackie and Adenovirus Receptor (sCAR) gen-
etically fused with human EGF (sCAR-EGF) redirects them
to the EGFR leading to an enhanced gene transfer efficiency

to pancreatic carcinoma cells. Since flow cytometry revealed
absence of CAR expression, but the presence of at least
one of both av integrins on the pancreatic carcinoma cells, a
second way of targeting was investigated using a genetically
modified Ad vector which has an RGD (Arg-Gly-Asp)-con-
taining peptide inserted into the Hi-loop of the fiber knob.
This RGD targeted Ad (AdlucRGD) revealed efficient CAR-
independent infection by allowing binding to cellular integrins
resulting in a dramatic enhancement of gene transfer. These
findings have direct relevance for Ad-vector based gene
therapy strategies for pancreatic carcinoma. Gene Therapy
(2001) 8, 969-976.

Keywords: pancreatic carcinoma; primary tumor cells; adenovirus vector; targeting; gene therapy

Introduction

Pancreatic cancer is highly aggressive and ranks fifth
among malignancy-associated deaths. Prognosis remains
dismal because diagnosis of pancreatic cancer is made
late in the clinical course of the disease. Currently, there
. is no effective treatment for this disease: resection is only
available to a small fraction of patients presenting with
locally confined tumor.! Chemotherapy and radiation
also have limited effects on patient survival. Adjuvant
combined radiochemotherapy might potentially improve
survival and can be considered in unresectable, locally
advanced disease. However, the role of chemotherapy in
advanced disease is exclusively palliative.' Therefore,
development of new therapeutic modalities such as gene
therapy are necessary to improve patient outcome and
serve as a more effective treatment for pancreatic cancer.

Adenoviral vectors have been used for both in vitro and
in vivo gene delivery of pancreatic cancer, mainly because
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of their ability to infect both dividing pancreatic cancer
cells, as well as nondividing tumor cells. Another advan-
tage is that the techniques to produce high-titered prep-
arations of adenovirus vectors are relatively simple. Fur-
thermore, phase I clinical trials employing adenovirus
vectors have been started already for pancreatic cancer.?
As observed for other tumor tissue types, a major concern
associated with using adenovirus vectors in pancreatic
cancer is the relatively limited infection efficiencies achi-
eved in vitro.? Furthermore, in vivo gene delivery may be
limited by other factors, such as vector’s access to target
cells through local dissemination or through penetration
of vessel walls.

Studies on adenoviral entry into host cells have
revealed that two cell surface events, attachment and
internalization, are required for an adenovirus to enter a
cell. The viral fiber protein will first attach to the CAR
(Coxsackie and adenovirus receptor) on the surface of a
host cell® The virion then enters the cell through the
interaction of its penton base with the avR3 and avB5
integrins on the host cell surface.* Expression of these cell
surface markers and their correlation with the efficiency
of adenovirus-mediated gene transfer have revealed that
the presence of integrins avB3,° avp5” and CAR®® are
important for an efficient gene transfer and efficacy of
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infection. Recently, a relative lack of CAR on both neo-

plastic’® and non-neoplastic!! tissues has been implicated
as a limiting factor in succesful adenovirus gene transfer.

To overcome the problems associated with in vitro and
in vivo gene delivery to tumor cells, retargeting of aden-
ovirus has been endeavored as a means to improve its
specificity and efficacy. Retargeting allows adenovirus to
bind to alternative cellular receptors, resulting in CAR-
independent infection. One approach is based on
immunological retargeting, which uses an antifiber anti-
body or antibody fragment that is chemically conjugated
to either a cell-specific ligand (receptor) or antireceptor
antibody. Using this conjugate approach, successful
CAR-independent gene transfer has been achieved by
targeting viral infection in vitro to several cellular recep-
tors including integrins,’? the folate receptor,'® the basic
fibroblast growth factor (FGF2) receptor’* and the epider-
mal growth factor (EGF) receptor.’® Retargeting of aden-
ovirus to EGFR was recently shown to enhance gene
transfer in primary, low-passage glioma tumor cells
as well as in squamous cell carcinoma of the head and
neck, which suggests further clinical relevance for
retargeting.1015

A potential disadvantage of this conjugate approach
may be the introduction of a degree of complexity to the
vector system and the concerns regarding the stability of
the virus—conjugate complex under in vivo conditions
such as systemic administration. Therefore, a genetically
modified targeted viral particle might be a more attract-
ive vector candidate for clinical application. Insertion of
an Arg-Gly-Asp (RGD) motif into the Hl-loop of the
adenoviral fiber knob results in efficient CAR-inde-
pendent infection by allowing binding of the virus to
cellular integrins.’®*” The vector containing this fiber,
AdlucRGD, achieved dramatically augmented gene
delivery to several cell types, both in vitro' and in vivo.’®

To direct Ad gene delivery specifically to pancreatic
carcinoma cells we chose two approaches. First, we have
explored the utility of a bispecific fusion protein formed
by a recombinant soluble form of truncated CAR (sCAR)
genetically fused with human EGF (sCAR-EGF) to target
Ad infection to the EGF receptor expressed on estab-
lished and primary human pancreatic carcinoma cells. An
approach based on employment of soluble viral receptor-
EGF fusion proteins has ben originally established for tar-
geting retroviral infection to specific cell types.?®?® We
recently showed that sSCAR-EGF fusion protein possesses
the ability to effectively retarget the vector via the EGF
receptor with enhancement of gene transfer efficiency.?
Second, we have shown that recombinant Ad vector con-
taining fibers with RGD motif in the HI loop is capable
of augmenting gene delivery to established and primary
pancreatic carcinoma cells via a CAR-independent cell
entry mechanism using the integrins as receptor. These
findings have direct relevance for Ad vector-based gene
therapy strategies for pancreatic carcinoma.

\

Results

Detection of CAR-receptors on primary and established
human pancreatic carcinoma cells

It has been shown that human pancreatic carcinoma cell

lines are quite refractory to infection of adenovirus vec-
tors due to the low expression level of cell surface mol-
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ecules involved in adenovirus infection, ie av-integrins
and the recently identified CAR.? Therefore, we decided
to analyze four established human pancreatic carcinoma
cell lines, and two primary human pancreatic carcinoma
cells, for cell surface CAR expression by indirect immun-
ofluorescence using an anti-human murine polyclonal
serum to CAR. As shown in Figure 1a, both the four pan-
creatic carcinoma cell lines (BxPC-3, Capan-1, Hs766-T or
MIA PaCa-2), as well as the two primary pancreatic carci-
noma cells (p6.3 and p10.5) displayed very low levels of
cell surface CAR expression. This CAR deficiency
strongly suggests a low level of adenovirus-directed gene
transfer to these primary and established pancreatic carci-
noma cells will result if Ad5 vectors with unmodified
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Figure 1 Expression of CAR and EGFR in human pancreatic carcinoma
cells. (a) Indirect flow cytofluorometry is shown for the expression of CAR
(black line) in the primary human pancreatic carcinoma cells (p6.3 and
p10.5), in the established human pancreatic carcinoma cell lines (BxPC-
3, Capan-1, Hs766-T and MIA PaCa-2) and in the positive control cell
line (293). Normal mouse serum is used as a control (blue peak). (b)
Indirect flow cytofluorometry is shown for the expression of EGFR (black
ling) in the primary human pancreatic carcinoma cells (p6.3 and p10.5)
and in established human pancreatic carcinoma cell lines (BxPC-3, Capan-
1, Hs766-T and MIA PaCa-2). Normal mouse IgG is used as a control
(blue peak).




fiber knobs are used (see below), as has been shown for
head and neck cancer® and for ovarian cancer.” On this
basis we considered alternative receptors that might be
upregulated in pancreatic carcinoma cells and which
could be exploited for targeting.

Expression of EGF-receptors on primary and
established pancreatic carcinoma cells

The low levels of the native adenovirus receptor CAR in
the two primary pancreatic carcinoma cells and the four
pancreatic carcinoma cell lines, predicted that they would
be refractory to adenovirus infection. Thus, we sought
alternative receptors to exploit for targeting. In this
regard, the epidermal growth factor (EGF) receptor has
shown to be upregulated in a number of human tumors,
ie squamous cell carcinoma of the head and neck® and in
human glioma.! Therefore, we evaluated our established
pancreatic carcinoma cell lines and the primary pancre-
atic carcinoma cells for this receptor by flow cytometry
- using an anti-EGF receptor (EGFR) antibody. Greater
than 85% of the cells in three out of four established pan-
creatic carcinoma cell lines and in both primary pancre-
atic carcinoma cells analyzed expressed high levels of
EGFR (Figure 1b). Based on the observed differences in
CAR and EGFR expression levels in pancreatic carcinoma
cells (Figure 1), we hypothesized that adenovirus infec-
tion would be more efficient if the vector was redirected
to EGFR.

EGFR-retargeted gene delivery to primary and
established pancreatic carcinoma cells

The high EGFR levels on both the established, as well as -

the primary, pancreatic carcinoma cells offer a potential
target for a modified adenovirus vector that is capable of
utilizing this receptor. To demonstrate the utility of EGFR
retargeting we fused a recombinant form of truncated
CAR (sCAR) with human EGF as a targeting ligand
(sCAR-EGPF) and investigated its ability to target Ad
infection to the EGF receptor overexpressed on pancreatic
carcinoma cells. In a previous study Dmitriev ef al*! have
shown that sCAR-EGF protein is capable of binding to
- Ad virions and directing them to EGFR. The sCAR-EGF
protein was titered against Ad to ascertain the optimal
ratio of targeting protein to virus as measured by
improvements in gene transfer (results not shown). To
demonstrate EGFR retargeting, both the established as
well as the primary pancreatic carcinoma cells were
infected with either native AACMVLuc or sCAR-EGF-
complexed AdCMVLuc or sCAR-6His-complexed
AdCMVLuc. sCAR-6His serves as a relevant control pro-
tein to show that sCAR-EGF promoted gene transfer
occurs by an EGFR-specific mechanism and no enhance-
ment is observed in cells exposed to AdCMVLuc com-
plexed with sCAR-6His, as shown earlier.?! Forty-eight
hours after infection, cells were lysed and luciferase
activity was measured. As shown in Figure 2, compared
with AdCMVLuc alone or with AACMVLuc complexed
with sCAR-6His, AdCMVLuc complexed with sCAR-
EGF targeting protein mediated 1.5-, two-, three- and
five-fold enhancement of luciferase expression in p10.5,
p6.3, Capan-1 and BxPC-3 cells, respectively, both using
an MOI of 10 and 100. In Hs-766T cells a 1.5-fold
enhancement of luciferase expression is only seen at an
* MOI of 10. Although the expression level of the EGF
receptors on MIA PaCa-2 cells appeared to be very low
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Figure 2 Comparison of EGFR-targeted Ad gene transfer to human pan-
creatic carcinoma cells. An amount of 3 x 10° p.fu. of AdCMVLuc was
preincubated with either 15 ug of targeting sCAR-EGF protein
(Ad/sCAR-EGF EB) or with 12 pg of sCAR-6His as a control (Ad/sCAR-
6His O) or with PBS (Ad alone B) before incubation with cells. Then
monolayers of primary pancreatic carcinoma cells (p6.3 and p10.5), as
well as established pancreatic carcinoma cell lines (BxPC-3, Capan-1, Hs
766-T and MIA PaCa-2) were exposed to Ad or Ad/sCAR-ligand com-
plexes at MOI (10 or 100 p.fau.fcell) for 1 h at 37°C. Infection medium
was changed for complete medium and the cells were incubated for 48 h
at 37°C. The cells were lysed, the protein concentration and luciferase
activities of the lysates were determined. The relative light units (RLU)
of luciferase/milligram of total cellular protein are shown graphically. The
results are shown as the mean of multiple assays. Each point represents
the mean + standard deviation of two determinations. Error bars, s.e.

(Figure 1b), still a 1.5-fold enhancement of luciferase
expression is observed using AdCMVLuc complexed
with sCAR-EGF (Figure 2). These results demonstrated
that SCAR-EGF targeting protein enables retargeting of
Ad vector with several-fold enhancement of gene transfer
efficiency specifically to EGFR-positive pancreatic carci-
noma cells (both primary and established cell lines). The
sCAR-EGF promoted gene transfer occurs by an EGFR-
specific mechanism, since no significant enhancement
was observed in cells exposed to AACMVLuc complexed
with sCAR-6His (untargeted Ad). Furthermore, the speci-
ficity of sCAR-EGF-mediated Ad-targeting was illus-
trated by failure of the sSCAR-EGF to enhance Ad-based
gene transfer to EGFR-negative human mammary gland
(MDA-MB-453) cells (results not shown; Ref. 21).

Expression of avB3 and avB5 integrins on primary and
established pancreatic carcinoma cells

Because EGFR retargeting by sCAR-EGF enhanced
adenovirus gene transfer with variable efficiency and
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with relatively low retargeting indexes (range of
enhancement of 1.5- to five-fold, Figure 2), as compared
with human squamous carcinoma (SCC-4) cells and
human epidermoid carcinoma (A-431) cells,? we looked
for targeting via other cellular receptors. It has been
shown that insertion of an Arg-Gly-Asp (RGD) motif in
the Hl-loop of the Ad5 knob domain resulted in a viral
fiber protein which results in efficient CAR-independent
infection by allowing binding of Ad to cellular inte-
grins.”” The vector containing this fiber (AdlucRGD)
indeed achieved augmented gene delivery to several cell
types by interaction to cellular av integrins and thus
allowing CAR-independent infection.’”® We already
determined the low level of expression of the native CAR
receptor on the surface of established and primary pan-
creatic carcinoma cells (Figure 1). Therefore, to assess if
a genetically modified Ad containing an RGD motif can
efficiently enter the pancreatic carcinoma cells, we ascer-
tained the level of expression of both avB3 and avf5 inte-
grins on these tumor cells. Flow cytometry was perfor-
med to detect expression of both avB3 and avR5 integrins
on established and primary pancreatic carcinoma cells by
indirect immunofluorescence using LM609 and P1F6
mAbs, respectively. As shown in Figure 3, expression of
avp3 integrin is absent in p6.3, BxXPC-3 and Capan-1 cells,
while a low to moderate avB3 expression is seen in p10.5,
Hs766-T, MIA PaCa-2 cells. Integrin avf5, on the other
hand, is present on all pancreatic cancer cells: p6.3, p10.5
and Capan-1 cells express high levels of avp5, while the
other pancreatic carcinoma cell lines (BxPC-3, Hs766-T,
MIA PaCa-2) express moderate levels of this integrin.
Thus, the presence of one or both of the av integrins on
the established and primary pancreatic carcinoma cells
should allow CAR-independent gene transfer by
AdlucRGD.

Integrin targeted gene delivery to primary and
established pancreatic carcinoma cells

Our next goal was to examine whether introduction of
the RGD motif in the fiber of AdlucRGD resulted in an
enhancement of this virus’ ability to infect established
and primary pancreatic carcinoma cells. Therefore,
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Figure 3 Expression of av-integrins in human pancreatic carcinoma cells.
Indirect flow cytofluorometry is shown for the expression of avf3-inte-
grins (black line) and awB5-integrins (red line) in primary human pancre-
atic carcinoma cells (p6.3 and p10.5) and in established human pancreatic
carcinoma cell lines (BxPC-3, Capan-1, Hs766-T and MIA PaCa-2). Nor-
mal mouse IgG is used as a control (blue peak).
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AdlucRGD was utilized for an assay based on competi-
tive inhibition of Ad-mediated gene delivery by recombi-
nant Ad5 fiber knob protein, known to efficiently block
virus binding to CAR. To demonstrate CAR-inde-
pendent cell entry by AdlucRGD, established and pri-
mary pancreatic carcinoma cells were infected with vari-
ous MOIs with either native AACMVLuc or integrin-
retargeted AdlucRGD in the presence or absence of
blocking knob protein. Forty-eight hours after the infec-
tion, cells were lysed and luciferase activity was meas-
ured. As shown in Figure 4a in both established as well
as primary pancreatic carcinoma cells, striking differ-
ences between the infection profiles were demonstrated
by these two viruses at each MOL Luciferase expression
in the AdlucRGD-infected primary pancreatic carcinoma
cells was 100- to 500-fold higher than in the cells infected
with AJCMVLuc. Even in the established pancreatic car-
cinoma cell lines the difference in infection efficiencies
demonstrated by these two viral vectors was still
between 10- and 100-fold. Of note, comparison of lucifer-
ase expression upon infection of 293 cells (high CAR
expression) with AdCMVLuc versus AdlucRGD did not
reveal a substantial enhancement of gene transfer with
the AdlucRGD-targeted virus (results not shown).

Furthermore, AdCMVLuc-mediated infection in the
presence of Ad5 fiber knob protein revealed a dramatic
inhibition. The knob blocked between 55% and 95% of
the gene transfer at MOIs of 10 and 100 p.f.u. for primary
pancreatic, carcinoma cells, while this protein blocked
between 40% and 90% of the gene transfer at MOIs of 1,
10 and 100 p.f.u. for established pancreatic carcinoma cell
line (Figure 4b). Most importantly, for the primary p10.5
pancreatic carcinoma cells as well as the established
Capan-1, Hs766-T and MIA PaCA-2 pancreatic cell lines,
recombinant knob protein did not reveal any significant
inhibition effect on the levels of luciferase expression
directed by AdlucRGD (Figure 4b). Strong inhibition by
the fiber knob on AdCMVLuc-mediated luciferase
expression suggests that the fiber-CAR interaction is the
only pathway this virus can use to infect pancreatic
carcinoma cells.

Gene delivery of an integrin-targeted Ad vector
increases the frequency of infection of pancreatic
carcinoma cells

The previous experiments demonstrated that adenovirus
infection of both primary and established pancreatic car-
cinoma cells can be redirected to the av-integrins via a
CAR-independent pathway, resulting in enhanced
reporter gene expression. This observed enhancement of
gene transfer with the AdlucRGD virus could have arisen
from either a few transduced cells exhibiting more abun-
dant gene expression because an increased number of
viruses have infected these cells or from a greater number
of pancreatic carcinoma cells that may have been
rendered susceptible to infection because of the high
amount of expressed av-integrins on the cell surface. To
identify the nature of the enhanced gene expression CAR-
independent retargeting was performed using an aden-
ovirus that expressed the green fluorescent protein (GFP)
reporter gene. Both primary, as well as established, pan-
creatic carcinoma cells were infected with either native
AdGEFP or with the genetically modified AdGFP-RGD at
an MOI of 10, 100 and 1000 per cell during 48 h and the
number of infected cells were monitored by fluorescent
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Figure 4 Comparison of Ad gene transfer efficiencies of AACMVLuc and
AdlucRGD to the human pancreatic carcinoma cells. (a) Primary human
pancreatic carcinoma cells: p6.3 and p10.5 and established human pancre-
atic carcinoma cell lines BxPC-3, Capan-1, Hs766-T and MIA PaCa-2
were infected with Ad5CMVLuc or AdlucRGD at an MOI of 1 (E3), 10
(01), and 100 (M) p.fau[cell. Infection medium was changed for complete
medium 1 h after infection and the cells were incubated for 28 h at 37°C.
The cells were lysed, the protein concentration and luciferase activity of
the lysates were determined. The relative light units (RLU) of
luciferasefmilligram of total cellular protein are shown graphically. The
results are shown as the mean of multiple assays. Each point represents
the mean * standard deviation of fwo determinations. (b) Primary human
pancreatic carcinoma cells: p6.3 and p10.5 and established human pancre-
atic carcinoma cell lines BxPC-3, Capan-1, Hs766-T and MIA PaCa-2
were preincubated in PBS or PBS containing recombinant Ad5 fiber knob
protein for 30 min at 37°C. AdCMVLuc or AdlucRGD were added to the
cells at an MOI of 1 (E3), 10 (O), and 100 (M) pfu.fcell for 1 h, then
media was changed and the cells were incubated at 37°C. At 48 h after
infection the cells were lysed, the protein concentration and luciferase
activity of the lysates were determined. The percentages of luciferase
activity detected in the cells infected in the presence of knob calculated
with regard to luciferase activity detected in the cells infected in the
absence of knob (=100%, not shown on the graph) are depicted graphically.

microscopy. Figure 5 reveals the results of retargeting via
the av-integrins of two representative pancreatic carci-
noma cells: the p6.3 primary pancreatic carcinoma cells
and the established pancreatic carcinoma cell line MIA
PaCa-2. Using the native AACMVGEFP virus only a low
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Figure 5 Analysis of the number of infected pancreatic carcinoma cells
using AACMVGFP and AAGFP-RGD. (a) Infection of the primary pan-
creatic carcinoma cells (p6.3) was peformed at an MOI of 100 or 1000
v.p.fcell and (b) the established pancreatic carcinoma cell line (MIA PaCa-
2) was infected at an MOI of 10 or 100 p.v.fcell. Forty-eight hours after
infection the percentage of infected cells was determined using the the
fluorescence microscope.

amount of pancreatic carcinoma cells were infected,
while retargeting via the av-integrins by the CAR-inde-
pendent route using AAGFP-RGD resulted in increased
numbers of cells that were positive for green fluorescent
protein expression both for the p6.3 primary cells (Figure
5a) as well as for the MIA PaCa-2 established pancreatic
carcinoma cell line (Figure 5b). As a control, infection of
293 cells (high CAR expression) with AACMVGFP and
AdGFP-RGD viruses revealed a significant lower per-
centage of gene transfers with AAGFP-RGD compared
with untargeted AACMVGFP (data not shown). These
data indicate that retargeting of the adenovirus to the av-
integrins via a CAR-independent cell entry increased the
number of infected pancreatic carcinoma cells instead of
showing more abundant gene expression in the
infected cells.

Discussion

Human pancreatic carcinoma cell lines have been shown
to be relatively resistant to adenovirus mediated gene
transfer. These unmodified, first-generation adenovirus
vectors have failed to deliver genes at an efficiency that
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would be therapeutic in the context of human pancreatic
cancer. Pearson et al® revealed that the low expression
levels of the integrins avp3, av@5, a5, p1 and CAR will
limit adenovirus-mediated gene transfer in both lung and
pancreatic cancer cell lines and their results were con-
firmed in this study. Importantly, the two primary
(passage number lower than five) human pancreatic car-
cinoma cells (p6.3 and p10.5) used in this study were
revealed to be refractory to adenoviral infection to the
same amount as the established, highly passaged pancre-
atic carcinoma cell lines. For this reason, in this report,
we have demonstrated two ways of retargeting of aden-
ovirus vectors as a means to enhance gene transfer
efficiency to both primary and established human pan-
creatic carcinoma cells. First, we showed that EGFR-retar-
geted entry pathway using the sCAR-EGF protein, which
binds to Ad virions and redirects them to EGFR? was
able to enhance the gene transfer efficiency of pancreatic
carcinoma cells between 1.5- and five-fold, most likely via
a non-CAR pathway. Increase of gene transfer by retar-
geting to EGFR is explained by flow cytometry analyses
which revealed that EGFR is overexpressed in both pri-
mary, as well as established, pancreatic carcinoma cells.
It is very likely that redirecting the virus to the highly
expressed EGFR molecule increased the overall number
of cells infected, thereby leading to an enhanced gene
transfer, as has been shown for head and neck cancer
cells.”® Of importance, immunochistochemical staining of
normal and adenocarcinoma pancreatic tissue slides
(resection material from patients) with anti-EGFR anti-
body revealed a moderate to high expression level of
EGFR molecules on most (adeno)carcinoma cells of the
pancreas compared with the surrounding normal pan-
creas or normal liver cells (unpublished observations).
Therefore, it is not likely that EGFR-targeted Ad vectors
will cause any significant toxicity to non-diseased pancre-
atic or liver tissue. The increase in gene transfer shown
here for pancreatic carcinoma is significantly lower than
seen by Dmitriev et al*' who revealed that Ad encoding
luciferase complexed with sCAR-EGF targeting protein
mediated a much higher enhancement of luciferase gene
expression in EGFR-positive SKOV3.ip1 (human ovarian
carcinoma) cells, EGFR-positive SCC-4 (human squam-
ous carcinoma) cells and EGFR-positive A-431 (human
epidermoid carcinoma) cells. This difference is most
likely explained by the higher number and/or expression
level of the EGF-receptors on these SKVO3.ip1, SCC4
and A-431 cells compared with the primary and estab-
lished pancreatic carcinoma cells. Despite the conceptual
gains realised by this conjugate approach, this ‘two-
component’ strategy introduces a degree of complexity
to the vector system. Moreover, it raises concerns regard-
ing the stability of the virus—conjugate complex under
certain in vivo conditions.’® Therefore, we decided to
exploit another targeting approach.

Genetically modified vectors containing short peptide
targeting sequences at the C-terminus of the adenoviral
knob domain (which binds to CAR) have been produced,
which revealed expanded viral tropism in vitro by tar-
geting to, for example, integrins.* However, the C-ter-
minus of the knob domain is located at the base which
is not an ideal position to interact efficiently with cellular
receptors. Recently it has been reported that the use of
an alternate region of the knob domain, the Hl-loop, is a
more rational site for inserting targeting motifs.’® This
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region is not directly involved in trimerization, it con-
tains mostly hydrophilic amino acids and is of different
length in different Ad serotypes. Furthermore, the HI-
loop is flexible and is exposed on the exterior of the knob.
Insertion of an RGD motif in this region resulted in a
viral fiber protein which results in efficient CAR-inde-
pendent infection by allowing binding of Ad to cellular
integrins.”” The use of RGD-modified viral vectors
(AdlucRGD and AAGFP-RGD) in this study is based on
flow cytometry data using anti-CAR and anti-ov3/avB5
antibodies which revealed no expression of CAR, but
shows the presence of at least one of the av-integrins on
the surface of the primary and established pancreatic car-
cinoma cells. The resulting modified virus (AdlucRGD)
revealed a dramatic increase in gene transfer efficiency
of both primary and established pancreatic carcinoma
cells.'®!” The absence of CAR expression and the presence
of the av-integrins on the surface of these cells explains
the enhanced luciferase expression of AdlucRGD com-
pared with parental AACMVLuc. Furthermore, the ability
of the knob protein to block infection using parental
AdCMVLuc as well as the lack of inhibition in the pres-
ence of this knob protein on the lévels of luciferase
expression directed by AdlucRGD, clearly demonstrated
that RGD-modified Ad has enhanced binding to pancre-
atic carcinoma cells lacking CAR, leading to enhanced
gene expression. The observation that knob “inhibited
luciferase expression of AdlucRGD in p6.3 cells and to a
lesser extent in BxPC-3 cells, suggests that in these parti-
cular pancreatic carcinoma cells either knob may interfere
with binding of AdlucRGD to the integrins or that a
minor fraction of AdlucRGD enters these cells via the
CAR. ‘

Of note, infection of pancreatic carcinoma cells with
AdGFP-RGD revealed that the number of infected pan-
creatic carcinoma cells has been increased rather than a
few cells exhibiting more abundant gene expression as
compared with parental AAGFP. The importance of both
latter findings lay in the fact that fewer AARGD virus
particles need to be administered in vivo to obtain the
same therapeutic effect, thereby decreasing the vector-
related toxicity. Importantly, although Ad5lucRGD has
expanded tropism,’® this genetically modified virus is not
tumor-specific. However, in a study where both primary
ovarian tumor explants, as well as nontumor mesothelial
tissue samples, from patients were infected with Adluc
and AdlucRGD, the mesothelial tissue samples expressed
low luciferase activity both with the Ad5lucRGD vector
as with AdCMVLuc.? Therefore, studies will be initated
to assess the efficacy of infection of normal pancreatic
epithelial cells obtained from human resection material
with Ad targeted to EGFR, as well as Ad targeted to
integrins (AdlucRGD).

To our knowledge this is the first study where
enhanced gene transfer by EGFR, as well as integrin-tar-
geted adenovirus vectors has been demonstrated in pri-
mary pancreatic carcinoma cells. Of note, the infection
conditions were selected for representing a high level of
stringency that 4 gene transfer vector would have to
overcome in the clinical context. The observed level of
enhancement as seen with the EGFR-retargeted vector to
a minor extent and with the RGD-modified Ad vector to
a major extent, would thus support the use of these vec-
tors in human gene therapy clinical trials for pancreatic
carcinoma. Thus, this study seeks to validate a strategy




that will address a critical shortcoming in cancer gene
therapy. The key finding in this study is that gene trans-
fer to both primary pancreatic cancer cells, as well as
established pancreatic carcinoma cell lines, is signifi-
cantly enhanced by utilizing an RGD-modified retargeted
vector. As integrins have been frequently shown to be
overexpressed by various epithelial tumors, as described
for head and neck cancer? and ovarian cancer,® our
novel vector strategy could potentially be exploited in the
context of pancreatic cancer. Most importantly, the levels
of gene transfer of the RGD-modified adenovirus in sur-
rounding nontumor pancreatic epithelial cells provides a

. rationale for further studies with this targeted vector in

preclinical efficacy studies that would lead to human
clinical trials.

Materials and methods

Tumor cells

The established human pancreatic carcinoma cell lines
(BxPC-3, Capan-1, Hs766-T and MIA PaCa-2; >20
passages) were purchased from Boehringer Ingelheim,
Belgium. These cells were cultured in Dulbecco’s mini-
mal essential medium (DMEM) (Mediatech, Herndon,
VA, USA) with 10% fetal bovine serum (FBS) (Summit
Biotechnology, Ft Collins, CO,USA), 1% L-glutamine and
1% penicillin/streptomycin (Gibco BRL, Life Techno-
logies, Rockville, MD, USA). The primary human pancre-
atic carcinoma cells (p6.3 and p10.5; <5 passages) were
obtained from Dr E Jaffee, Johns Hopkins University
School of Medicine, Baltimore, MD, USA. All cell lines
were cultured at 37°C in 5% carbon dioxide atmosphere.

Viruses, antibodies and recombinant proteins

The El-, E3-deleted adenovirus vector expressing the

firefly luciferase from the cytomegalovirus (CMV)
immediate—early promoter, AACMVLuc® was obtained
from Robert Gerard (University of Leuven, Leuven,
Belgium). Ad vector AdlucRGD, containing recombinant
fiber-RGD protein and expressing firefly luciferase was
generated by transfection of 293 cells with Pacl-digested
pVK703."®* Ad vector AACMVGEFP, encoding green flu-
orescent protein, and AAGFP-RGD, containing recombi-
nant fiber-RGD protein and expressing GFP were
obtained from Dr M Parameshwar (University of Alab-
ama at Birmingham, AL, USA). Viruses were propagated
and plaque-titered on the permissive cell line 293 and
purified by double cesium chloride gradients.*® Virus
preparations were dialyzed against phosphate-buffered
saline (PBS), aliquoted, and stored at —80°C. Titers were
determined using standard plaque assays and the num-
ber of viral particles was determined by measuring the
optical density at 260 nm. For AACMVLuc: 42 x 10"
pfu./ml and 8.1 x 10" v.p./ml (v.p. to p.fau. ratio: 19.3)
and for AdlucRGD: 5.6 x 10° pfu./ml and 1.7 x 10"

- v.p./ml (v.p. to p.f.u. ratio: 32.9).

Murine polyclonal serum to baculovirus-produced
human soluble CAR protein were generated at the Uni-
versity of Alabama at Birmingham, Hybridoma Core
Facility. Murine mAb 425 to human EGFR was a gen-
erous gift from Zenon Steplewski (Thomas Jefferson Uni-
versity, Philadelphia, PA, USA) and was described earl-
ier. Murine mAb LM609 to avp3 integrin and P1F6 to
avB5 integrin were purchased from Chemicon
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(Temecula, CA, USA). Recombinant fiber knob from Ad5
was obtained from Dr V Krasnykh (University of Alab-
ama at Birmingham). Recombinant sCAR-6His and
sCAR-EGF proteins were constructed as described.®

Flow cytometry

Confluent cells were released with versene or cell dis-
sociation buffer (Gibco BRL, Life Technologies) or by
trypsinizing of the cells using 0.05% trypsin/0.53 mm
EDTA for 3 min or less (2 ml per T75 flask). The tryp-
sinized cells were quenched with 10-fold volume of cold
DMEM-medium containing 10% fetal bovine serum and
pelleted at 1200 r.p.m. for 5 min. Cells were resuspended
in cold PBS with 1% bovine serum albumin (BSA) and
counted. Cells were spinned (1200 r.p.m. for 5 min) and
aliquoted in PBS + BSA at 2 x 10° cells/ml. Cells (2 x
10°) were incubated with either mAb 425 (5 pg/ml) (anti-
EGFR) or with murine anti-CAR serum (1:250) or with
murine mAb LM609 (anti-avB3) or with mAb P1F6 (anti-
avB5) for 1 h at 4°C. A normal murine serum and control
IgG were used as a negative control. Cells were then
washed with buffer and incubated with secondary FITC-
labeled goat anti-mouse immunoglobulin G (Jackson,
West Grove, PA, USA) at a concentration of 5 pg/ml for
1 h at 4°C. After washing, 10* cells per sample were ana-
lyzed using flow cytometry performed at the University
of Alabama at Birmingham FACS Core Facility. Data
were expressed as the geometric mean fluorescence inten-
sity of the entire gated population. The positive popu-
lation cells was determined by gating the right-hand tail
of the distribution of the negative control sample for each
individual cell line at 1%. This gate setting was then used
to determine the percentage of CAR-, avR3-, avR5- or
EGFR-positive cells in each individual cell line.

Adenovirus vector-mediated gene transfer

To assess native or EGFR-retargeted adenovirus infection
efficiency, 5 x 10* cells were plated in 24-well plates and
allowed to adhere overnight at 37°C. An amount of 3 x
108 p.f.u. of AACMVLuc was preincubated with either 15
ng of sSCAR-EGF protein or 12 ug of sSCAR-6His as a con-
trol or with PBS, before incubation with cells for 30 min
at room temperature. Then monolayers of pancreatic car-
cinoma cells were exposed to Ad/sCAR-ligand com-
plexes and Ad without ligand complexes at various MOlIs
(10 and 100 p.f.u. cell) celi for 1 h at 37°C. The virus was
removed and the cells were incubated for 48 h in
complete media.

To assess native or RGD-modified adenovirus
efficiency, 5 x 10* cells were plated in 24-well plates and
allowed to adhere overnight at 37°C. To demonstrate the
specificity of infection, half of the cells were blocked with
recombinant Ad5 knob protein (10-15 pg/well, diluted
in PBS) for 30 min at 37°C and the other half were incu-
bated with PBS as a control. Subsequently, both the
blocked cells, as well as the unblocked cells, were
infected with native AACMVLuc or AdlucRGD at various
MOIs (1, 10 and 100) per cell for 1 h at 37°C. The virus
was removed and the cells were incubated for 48 h in
complete media.

Cell lysates were assayed for luciferase expression 48
h after infection in a Berthold Luminometer using the
Luciferase Assay System (Promega, Madison, WI, USA),
and the protein concentration was determined using the
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Pierce Protein Assay according to the manufacturer’s
protocols.

To evaluate the number of transfected cells, 5 x 10¢ cells
were plated in 24-well plates and allowed to adhere over-
night at 37°C. The cells were infected with AACMVGFP
and AdGFP-RGD at various MOIs (10, 100 and 1000) per
cell for 1 h at 37°C. The virus was removed and the cells
were incubated for 48 h in complete media. Sub-
sequently, the media was removed and PBS was added
to the wells and the percentage of infected cells were
visualized under a fluorescence microscope.
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CAR/G28

Figure 1 Structure of CAR/G28 fusion protein. The fusion protein con-
sists of an extracellular portion of human CAR (domains D1 + D2) at
the N-terminus connected to anti human CD40 scFv G28 via a short
peptide linker (PSASASASAPGS) preceded by a 6 histidine (6His) puri-
fication tag. CAR binds to Ad5 fiber knob, whereas G28 binds to CD40
present on DCs, thus facilitating Ad viral docking to DCs.

bispecific molecule due to the inherent variability of the
technique. A product intended for clinical use should
have a strictly defined and reproducible composition.
Recombinant proteins achieve this by rational design. We
have recently described an approach of bispecific adap-
tor-based Ad targeting with a recombinant protein con-
sisting of an extracellular portion of Ad receptor CAR
fused to epidermal growth factor (EGF)." In that study,
the CAR/EGF fusion protein specifically directed Ad
infection to EGF receptor expressing cells that lacked
expression of CAR. In the present study, our aim was to
create a fusion protein between CAR and a single chain
antibody against human CD40 (Figure 1). We hypothes-
ized that such a recombinant CAR-anti-CD40scFv protein
would facilitate efficient, specific DCs transduction with
Ad.

The CAR/G28 fusion protein was generated by the fol-
lowing scheme. Initially, the extracellular domain of
human CD40 (hCD40ecto, including amino acids 21-193,
numbered according to Ref. 12) was produced in a proka-
ryotic expression system and purified. The anti-CD40 sin-
gle chain Fv ¢cDNA was generated from the G285
hybridoma cell line.”® The hCD40ecto was then used to
screen for CD40-specific scFv. The G28-5 scFv cDNA was
linked to that of the CAR ecto-domain replacing the EGF
portion in the CAR/EGF fusion protein.!’ Finally, the
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CAR/G28 fusion protein was produced using recombi-
nant baculovirus, purified and characterized.
Recombinant hCD40ecto was produced in a prokary-
otic expression system to facilitate anti-CD40 scFv and
CAR/scFv isolation and validation. The hCD40ecto gene
fragment ‘was PCR-amplified from a ¢cDNA clone gener-
ously provided by Dr I Stamenkovic (Molecular Pathol-

Figure 2 Fusion proteins production and characterization. (a) Production
of ecto-domain of human CD40. To produce the hCD40ecto as a 6His-
tagged recombinant protein, the corresponding gene fragment was PCR-
amplified from a cDNA clone and ligated into pET21a expression vector
(Novagen, Madison, WI, USA) using BamHI and Not] restriction sites.
For the amplification, a pair of primers 5 CTT GGA TCC GAA CCA
CCC ACT GCA TGC AGA GAA A and 5’ ATT GCG GCC GCT CTC
AGC CGA TCC TGG GGA CCA was used. The assembled plasmid was
introduced into BL21(DE) E. coli cells and the gene expression was
induced with IPTG. Produced protein was purified from cell lysate by
immobilized metal affinity chromatography (IMAC) on Ni-NTA (Qiagen,
Valencia, CA, USA). The purified protein (100 ngflane) was separated on
4 12% polyacrylamide-SDS gel (PAAG-SDS) followed by electrotransfer
to a PVDF membrane. The membranes were probed with the hybridoma
supernatant of mouse mAb G28-5 (ATCC No. HB9110) and with rabbit
antibody sc-974 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), both
specific for human CD40. (b) Construction of scFv G28-5 against human
CD40. The G28-5 scFv was generated from a corresponding hybridoma
using published sequences (Genebank accession numbers are AF013577
for VH and AF013576 for VL) for primer design. Hybridoma cells grown
from a fresh clone were harvested and mRNA was isolated from 4 x 10°
cells using an Oligotex Direct mRNA Micro Kit from Qiagen. Compli-
mentary DNA was synthesized from this mRNA using an Omniscript
reverse transcription kit from Qtagen and an Oligo(dT)15 primer from
Promega (Madison, WI, USA). The VH and VL fragments were amplified
from the cDNA and cloned into pSEX81 phagemid vector. Two pairs of
primers G28HF: 5 GAT ATA CAG CTT CAG CAG TC and Bid: 5’
CCA GGG GCC AGT GGA TAG ACA AGC TTG GGT GTC GIT TT
and G28LF: 5' GAT GCT GTG ATG ACC CAA AAT and G28LR: 5’
GGA TAC AGT TGG TGC AGC ATC were used to amplify original VH
and VL portions, respectively. The resulting phage display G28-5 mini-
library was screened using the hCD40ecto recombinant protein. The
CD40-positive phage clone 10 was selected from the mini-library, its gene
re-cloned into pOPE101, introduced into XL1Blue E. coli cells
(Stratagene), produced by IPTG induction and purified from periplasmic
extract by IMAC on Ni-NTA. Panel (b) demonstrates an immunoblot of
purified scFv G28 clone 10. The purified protein (20 ngflane) was separ-
ated on 12% PAAG-SDS followed by electrotransfer to a PVDF mem-
brane. The membrane was probed with mAb 9E10 (Sigma) against c-Myc
epitope incorporated into the scFv. (c) Construction of CAR/G28 fusion
protein. The scFv G28-5-10 cDNA fragment was amplified from pSEX81-
(G28-5-10 using a pair of primers 5° CCG AGA TCTATA CAG CIT
CAG CAG TCA GGA CCT and 5" AGC GAG CTCCCG TTT TAT TTC
CAG CGT GGT followed by digestion with BgIll and Sacl. The digested
fragment was cloned in frame into the pFBsCARSIEGF plasmid™? replac-
ing the EGF which was excised with BamHI and Sacl. The new plasmid,
PFBsCARslIG28, encoding recombinant shCAR fused with scFv G28-5-10
(CAR[G28) and tagged with internal 6His was then used for generation of
the recombinant baculovirus genome, according to recommendations for
Bac-toBac baculovirus expression ‘system (Life Technologies, Grand
Island, NY, USA). All newly engineered cDNA constructs were examined
by sequencing using CEQ2000 automatic sequencer and CEQ dye termin-
ator sequencing kit from Beckman (Fullerton, CA, USA). (c) Immunoblot
of purified CAR/G28. The purified protein was separated on 12% PAAG-
SDS followed by electrotransfer to a PVDF membrane. The membrane has
been probed with rabbit anti-CAR antibodies produced in the laboratory.
Horseradish peroxidase (HRP)-labeled secondary antibodies and diaminob-
enzidine staining were used for binding visualization. (d) CAR/G28
fusion protein is bi-specific. CAR/G28 fusion protein binding to both
hCD40ecto and AdS knob was examined in ELISA. The antigens were
adsorbed on plastic (300 ngfwell each) and probed with CAR/G28. Bind-
ing was detected with rabbit anti-CAR antibodies (1:3000, produced in-
house) followed by HRP-labeled anti-rabbit antibodies and orthophenilene-
diamine staining. (d) CAR/G28 interaction with hCD40ecto and recombi-
nant Ad5 knob.




ogy Unit, Massachusetts General Hospital and Depart-
ment of Pathology, Harvard Medical School, Boston, MA,
USA). Next, the hCD40ecto cDNA was subcloned into the
pET21a plasmid and expressed in BL21(DE) E. coli. The
hCD40ecto recombinant protein of 19 kDa was purified
from the cell lysate and its identity confirmed by immu-
nobloting with polyclonal antibody sc-974 and mAb G28-
5 against human CD40 (Figure 2a).

The gene segments coding for VH and VL of the G28-
5 mAb were PCR-amplified from the corresponding

" hybridoma ¢cDNA and ligated with a Yol linker by two-

step cloning into pSEX81 phagemid, thus creating a
miniphage display library that facilitated anti-CD40 scFv
isolation. The library was screened using hCD40ecto as
described.” Positive clones were identified in ELISA, and
primary DNA structure of the scFv gene was confirmed
by sequencing. Single chain Fv G28-5 cDNA was re-
cloned into expression vector pOPE101’¢ used to produce
scFv G28-5 of approximately 29 kDa in E. coli. Purifi-
cation of scFv was performed with Ni-NTA as
described"” (Figure 2b). The ability of scFv G28-5 to
specifically bind hCD40ecto was demonstrated in ELISA
(data not shown).

To generate the CAR/G28 fusion protein, scFv G28-5
c¢DNA was cloned in-frame with that of CAR, generating
the pFBsCARsIG28 plasmid, which was then used for
baculovirus genome generation. Our attempts to express
CAR/(G28 cDNA in various bacterial expression systems
failed due to massive protein degradation (data not
shown). The baculovirus genome containing the
CAR/G28 cDNA was used to transfect 5f-9 insect cells
and the resultant baculovirus was used for larger scale

* infection of High Five cells. The recombinant fusion pro-

tein was produced and purified from 1 liter of super-

a

Events

Mock Adonly
CARfG28(ng) - -

4.0E+5

30E+S
=2

L

& 20E+S

10E+S

[
Mock Adonly
CAR/G28 (ng) - - 10 20

¢ 100

CAR/scFv fusion protein for DC infection with Ad
AV Pereboev et af

e

natant of infected cell culture. Purified recombinant
fusion protein had the expected molecular weight of 54
kDa as demonstrated by immunoblot with anti-CAR anti-
bodies (Figure 2c). The level of the fusion protein pro-
duction was approximately 2 mg/1 of culture. Specificity
of the CAR/G28 towards both recombinant hCD40ecto
and Ad5 fiber'® knob was demonstrated in ELISA (Figure
2d). After confirming the dual specificity of CAR/G28,
we examined the recombinant protein for its ability to
target Ad infection to DCs of rhesus monkey or human
origin. Adenoviruses bearing luciferase (Luc) or green
fluorescent protein (GFP) as transgenes were used in the
DC transduction experiments.

Rhesus monocyte-derived DCs (RRMDDC) were
derived from heparinized peripheral mononuclear cells
isolated by gradient centrifugation. Monocytes were
enriched to a purity of >80% by adherence to anti-CD14
coated magnetic microbeads and cultured in RPMI con-
taining autologous plasma and cytokines recombinant
human GM-CSF and IL+4 as described.” The phenotype
of MDDCs was assessed by staining for HLA-DR, CD83,
CD80 and CD86 with corresponding anti-human anti-
bodies that cross-react with rhesus macaque (data not
shown). The RhMDDCs were infected with Ad at MOI
of 100 p.f.u./cell (optimal viral dose determined in Ref.
7) in the presence and absence of CAR/G28. Infection
efficiency was assessed by measuring the transgene
expression. As shown in Figure 3, both luciferase and
GFP activity were significantly higher when the Ad infec-
tion was mediated by CAR/G28. The fusion protein
enhanced DC transduction in a dose-dependent manner
(Figure 3a, b). Of note, doses of CAR/G28 higher than
100 ng per 2.5 x 10* DCs caused further transgene
expression enhancement, but some cell toxicity was
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Figure 3 Rhesus DCs transduction with Ad5. Rhesus MDDCs were obtained, briefly, as follows. Mononuclear cells were isolated from normal rhesus
heparinized blood by Ficollpaque density gradient centrifugation. Monocytes were enriched by adherence to anti-CD14 magnetic microbeads (Miltenyi
Biotec, Auburn, CA, USA). Monocyte-enriched cells were cultured at ~1 x 10° cells/ml in RPMI supplemented with 1% autologous plasma, 800 Ufm!
of granulocyte/macrophage colony-stimulating factor (GM-CSF; Immunex, Seattle, WA, USA) and 1000 Ufml of IL4 to generate immature MDDCs.
On day 6 immature RRMDDCs were infected with Ad5SCMVluc (2.5 x 10% cellsfexperimental point) or AdSCMVGEP (2 x 10° cells/experimental point)
at MOI of 100 or 500, respectively. The virus was pre-incubated with indicated amounts of CAR[G28, before mixing with MDDCs. Transduced MDDCs
were analyzed for GFP expression by flow cytometry to measure increased fluorescence intensity (a) or Luc content (b,c) by luminometry to measure
relative light units (RLU). Specificity of transduction was demonstrated by inhibition of infection with G28-5 hybridoma supernatant. Mock, RRMDDCs
were treated with neither virus, nor fusion protein; Ad only, RRMDDCs were treated with Ad without the fusion protein.
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observed at those doses (data not shown). This toxicity
effect is probably associated with an unknown effect of
soluble CAR. Pre-treatment of DCs with G28-5
hybridoma supernatant efficiently blocked the infection
(Figure 3c), indicating that Ad infectivity enhancement
was due to engagement of CD40 for virus docking. These
results suggest that the dual (human and rhesus) reac-
tivity of CAR/G28 provides an advantage for DC-based
vaccine approaches using gene therapy in the nonhuman
primate model.

We also evaluated Ad transduction of human DCs
with CAR/G28 fusion protein. Human monocyte-
derived (HMDDC) were obtained by gradient centrifug-
ation followed by plastic adherence enrichment and culti-
vation in the presence of cytokines.?” The HMDDCs were
infected with Ad in the presence and absence of indicated
amounts of CAR/G28. The ability of CAR/G28 to
enhance Ad infectivity towards human DCs was exam-
ined with adenovirus vectors bearing either Luc or GFP
reporter genes. GFP expression was assessed by direct
fluorescence microscopy, whereas the Luc expression
was indirectly measured on a luminometer. Data
presented in Figure 4 demonstrate CAR/G28-mediated
enhancement of Ad transgene expression assayed both
qualitatively (Figure 4a—) and quantitatively (Figure 4e).
As a positive control, the Fab-a-CD40 chemical conju-
gate” was used (Figure 4d, f). Analysis of data presented
in Figure 4 suggests that the CAR/G28 fusion protein
achieves similar levels in promoting DC transduction
compared with the Fab-a-CD40 chemical conjugate.

In summary, we describe here a novel recombinant
fusion protein designed to promote specific adenovirus-
mediated transduction of DCs. After examining prokary-
otic and eukaryotic expression systems, we achieved

a

acceptable levels of CAR/G28 recombinant fusion pro-
tein production using baculovirus-infected insect cells.
The fusion protein has a polyhistidine tag, allowing
efficient purification. From the production standpoint,
this feature makes the recombinant fusion protein
superior in comparison to the anti-Ad:anti-CD40 bispe-
cific antibody Fab-a-CD40 prepared by chemical conju-
gation. We have demonstrated recently the feasibility of
a CAR-ligand fusion protein as an efficient Ad targeting
moiety.” The present work expands the utility of this
kind of CAR-containing molecular adaptor to a new level
with scFvs as a fusion partner. Current gene engineering
technology allows generation of scFvs against virtually
any antigen. The CAR/G28 fusion protein demonstrated
the expected dual binding specificity and substantially
enhanced Ad gene transfer to DCs (up to 200 times in
some experiments compared with untargeted Ad). Mono-
clonal antibody G28-5 has been shown to be internalized
upon CD40 binding* Therefore, we have reason to
believe that this internalization process can be involved
in CD40-targeted Ad infection of DCs mediated by
CAR/G28, in addition to normal, integrin-dependent,
viral entry to cells. From a functional perspective, the
fusion protein has been tested in two distinct experi-
mental systems using rhesus monkey and human DCs.
The cross-reactivity of the CAR/G28 fusion protein with
CD40-positive human and monkey DCs resulted in
marked enhancement of Ad infection in both systems.
These data establish the feasibility of using the nonhu-
man primate rhesus macaque model for preclinical stud-
ies with CAR/G28 to advance gene therapy-based DC
vaccine development. In both systems the fusion protein
demonstrated outstanding ability to target Ad vectors to
DCs efficiently and specifically. The development. of

Mock Adonly
CAR/GBMY) - -

25 & N w00

| AdER2ugFSCOA0

" Mock Ad only S
FabatDAOGE) - - 4 8 1B R

Figure 4 Human DCs transduction with Ad5. Human DCs were generated from peripheral blood monocytes obtained from healthy donors. Monocytes,
purified by adherence, were cultured for 6 days in Iscoves’s medium (Mediatech Cellgro, Herdon, VA, USA) with 10% human AB serum (Sigma, St
Louis, MO, USA) containing 200 ng/ml of interleukin-4 (IL-4; R&D Systems, Minneapolis, MN, USA) and 1000 Ujml of GM-CSF. The resulting
DCs were washed in phosphate buffered saline and resuspended at 5 x 105/ml in a serum-free medium, macrophage SFM (Gibco BRL, Grand Island,
NY, USA) for infection. Human MDDCs were transduced essentially as described in the legend to Figure 3, with the exception that Ad5CMVGFP
was used at MOI of 100 and the cells were assayed by fluorescent microscopy. CARJG28 comparison with Fab-a-CD40 has been done for both viruses.
(a) Both CAR/G28 and Fab-a-CD40 potentiate MDDCs transduction with AdSCMVGEFP. (b, c¢) Both CAR/G28 and Fab-a-CD40 potentiate MDDCs

transduction with Ad5CMVluc.
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CAR/G28 presents an opportunity to improve existing
Ad-based approaches to genetically modify DCs for the
treatment of human diseases.
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